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Abstract
The central aim of cell division is the accurate transmission of replicated genetic
material to daughter cells. To enable this segregation, centimetre-long DNA mol-
ecules must be organised into condensed micrometre-sized chromosomes. This
critical but poorly understood process is principally effected by the chromosomal
condensin complex. Condensin is a multisubunit protein complex, comprising
a core dimer of ATPases of the structural maintenance of chromosomes (SMC)
family. However, the role of the condensin ATPase in chromosome condensation
has remained unclear.
Using specific structure-based point mutations, along with quantitative measure-
ments of chromosome condensation, and novel conditional alleles of condensin
in the eukaryotic model budding yeast Saccharomyces cerevisiae, I show that the
ATPase activity of condensin is crucial for its function. Mutations in the ATPase
domain alter the dynamic DNA binding properties of condensin, and compro-
mise its ability to form compact mitotic chromosomes. Taken together, these
results shed light on critical events in the assembly and faithful segregation of
mitotic chromosomes.
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‘ There is grandeur in this view of life, with its several powers, hav-
ing been originally breathed into a few forms or into one; and that,
whilst this planet has gone cycling on according to the fixed law of
gravity, from so simple a beginning endless forms most beautiful
and most wonderful have been, and are being, evolved.’
Charles Darwin
On the Origin of Species (1859)
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1 Introduction
The large scale reorganisation of interphase chromatin into mitotic chromosomes
is one of the most striking morphological events of the cell cycle. Cells entering
mitosis must compact centimetre-long DNA molecules, within the confines of
micrometre-sized nuclei, into the stable thread-like structures that give mitosis
its name (from the Greek mitos, meaning thread). This process of chromosome
condensation enables DNA molecules to withstand the considerable forces gen-
erated during segregation, and thus underlies the accurate transmission of repli-
cated genetic material to daughter cells, and ultimately, at a molecular level, the
fidelity of the propagation of the blueprint of life.
1.1 Chromosome
condensation: a
historical
perspective
The origins of chromosome biology date to the late nineteenth century, when
Walther Flemming first observed mitotic chromosomes as ‘stainable bodies’ (chro-
mosomen) in developing salamander embryos (Flemming, 1882; Paweletz, 2001),
and Theodor Boveri, working with eggs of the parasitic nematode Ascaris mega-
locephala, posited the theory of chromosome identity — that chromosomes did
not form de novo during each mitosis but were formed from material that per-
sisted through interphase (Boveri, 1888):
… die chromatischen Elemente selbständige Individuen sind, die diese
Selbständigkeit auch im ruhenden Kern bewahren. // ‘… the chro-
matin elements are individual entitites that retain their independence
in the resting nucleus.’
Yet remarkably, more than a century after the seminal discoveries of Flemming
and Boveri, mechanistic explanations of the process of chromosome condensa-
tion remain elusive.
N.B. This introduction is based, in part, on the following self-authored review: Thadani R,
Uhlmann F, Heeger S (2012), Condensin, chromatin crossbarring and chromosome conden-
sation, Curr Biol 22(23): R1012.
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Indications of a mitosis-specific condensation factor in cells began to emerge
in the 1970s, when classical cell fusion experiments demonstrated that chromo-
some condensation could be rapidly induced in interphase HeLa cells in a dose-
dependent manner by fusing them to mitotic ones (Johnson and Rao, 1970). In a
cell-free system derived from Xenopus eggs, interphase nuclei could be driven to
undergo nuclear envelope breakdown (NEBD), chromosome condensation and
spindle formation when incubated with mitotic extracts treated with the calcium
chelator EGTA (Lohka and Maller, 1985). These processes were shown to be bio-
chemically separable, with NEBD being enzymatically driven, and chromosome
condensation involving both binding proteins and enzymatic activities including
topoisomerase II (Newport and Spann, 1987).
Subsequent studies led to the identification of Smc2 and Smc4†, core compo-
nents of the condensin complex, as ATPases essential for chromosome conden-
sation and segregation. In budding yeast, temperature-sensitive mutations in
the SMC2 gene led to chromosome decondensation in metaphase-arrested cells
and segregation failure during anaphase (Strunnikov et al., 1995). Similarly, fis-
sion yeast temperature-sensitive smc2/cut14 and smc4/cut3 mutants failed to
contract chromosome arms during DNA segregation, leading to a cut chromo-
some phenotype (Saka et al., 1994). In Xenopus egg extracts (Hirano and Mitchi-
son, 1994), Smc2/XCAP-E and Smc4/XCAP-C were found to be required for the
formation and structural maintenance of chromosomes assembled in vitro; in
chicken cells (Saitoh et al., 1994), Smc2 was isolated as a significant structural
component of mitotic chromosomes.
1.2 The
condensin
complex
Accumulating lines of evidence over two decades indicate that the chromosomal
condensin complex is the principal effector of condensation (Hirano et al., 1997;
Freeman et al., 2000). Condensin is a large, evolutionarily conserved multisub-
unit protein assembly that is found, with a broadly similar architecture, through-
out the domains of life, including bacteria, archaea and eukarya (Figure 1.1). Along
with cohesin and Smc5/6, it is one of three complexes built from dimers of SMC
proteins, members of the structural maintenance of chromosomes family of ATP-
ases, that are intimately involved in diverse aspects of higher order chromosome
organisation. Indeed, condensin has been ascribed roles apart from chromosome
†The budding yeast names for condensin subunits are used throughout this thesis, along with the
species-specific name where relevant. See Table 1.1 for a detailed listing.
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condensation in several cellular processes such as interphase genome organisa-
tion, gene dosage compensation, metazoan development and meiosis (Haeusler
et al., 2008; Jans et al., 2009; Gosling et al., 2007; Hagstrom et al., 2002). Con-
versely, the related SMC complexes might also contribute to chromosome con-
densation (Guacci et al., 1997). However, this introduction focuses on the role
of condensin in mitotic chromosome condensation, which is of immediate rele-
vance to the following work.
Smc2 Smc4
Kleisin I
(Brn1)
HEAT IA
(Ycs4)
HEAT IB
(Ycg1)
= ATP
MukE MukE
MukF
MukF
N
C
C
N
C N
N C
C N
MukBMukB
Eukaryotes Prokaryotes
Figure 1.1 Molecular
architecture
of
condensin. Subunit composition of eukaryotic (left)
and bacterial (right) condensins. Condensins are composed of a core dimer of SMC or SMC-
like ATPases with a dimerisation hinge at one end and catalytic head domain at the other.
The core dimers are closed into rings by kleisins, which are monomeric in eukaryotes and
dimeric in prokaryotes. One or more additional regulatory subunits interact with the kleisin
and/or SMC core. Reproduced
with
permission
from Thadani
et al. (2012).
1.2.1 Condensin
architecture
Eukaryotic
condensin
Eukaryotic condensin is a large pentameric complex of ~630 kilodaltons, com-
prising a core catalytic Smc2-Smc4 heterodimer. Smc2 and Smc4 each contain
two terminal globular parts linked by long coiled coils to a central globular seg-
ment, a characteristic architecture of all SMC proteins. Each SMC protein folds
back on itself through antiparallel coiled-coil arm interactions. This forms an
SMC dimerisation hinge domain from the central part at one end, and an ATPase
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head domain from association of the terminal globular parts at the other (Fig-
ure 1.1). The catalytic head domain features canonical adenosine triphosphate
(ATP)-binding cassette motifs: the N-terminal ‘Walker A’ motif, and C-terminal
‘Walker B’ and ‘C/signature’ motifs. The N-terminal globular part of one SMC
subunit engages in trans with a C-terminal part from the other to form a bipar-
tite ATP binding pocket.
Three accessory subunits bind to the SMC heterodimer and regulate its activity.
Kleisin I/Brn1, a member of the kleisin family (Schleiffer et al., 2003), interacts
at its N-terminus with Smc2, and at its C-terminus with Smc4 to form a topologi-
cally closed ring (Hirano et al., 1997; Bhat et al., 1996; Cuylen et al., 2011). HEAT
IA/Ycs4 (Biggins et al., 2001; Bhalla et al., 2002) and HEAT IB/Ycg1 (Ouspen-
ski et al., 2000) contain HEAT repeats, and interact with the N- and C-terminal
halves of Kleisin I/Brn1, respectively, and weakly with each other (Onn et al.,
2007). All three accessory subunits of condensin are required for its functional
association with chromatin (Lavoie et al., 2002; Piazza et al., 2014). It is note-
worthy that while integrity of the ring-like structure of condensin is necessary for
its function (Cuylen et al., 2011), details of its mechanistic significance remain to
be determined. This is in contrast to the case of cohesin, where it has been unam-
biguously shown that the complex topologically encircles sister chromatids until
separase-driven cleavage of the kleisin Scc1 at anaphase onset enables them to
segregate (Uhlmann et al., 1999; Haering et al., 2008).
Most eukaryotes possess two isoforms of condensin, termed condensin I and II.
These are built from identical core heterodimers of Smc2 and Smc4 but differing
accessory subunits (Table 1.1), which may modulate the differential localisation
patterns, dynamics, and functions of two condensins. Condensin I is termed the
canonical condensin due to its phylogenetic ubiquity (Figure 1.2) and relative cel-
lular abundance, although the ratio of condensin I and II varies substantially in
different organisms, ranging from 1:1 in HeLa cells and 5:1 in Xenopus egg ex-
tracts (Ono et al., 2003) to 10:1 in chicken DT40 cells (Ohta et al., 2010; Green
et al., 2012). The presence of condensin I and II in diverse eukaryotic taxa sug-
gests that their last common ancestor possessed both condensin isoforms (Hi-
rano, 2012). This implies that condensin II was independently lost from the
genomes of organisms such as fungi and ciliates that possess only a single known
isoform of condensin.
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analysis
of
condensin
kleisin
subunits. Phylogram represent-
ing the evolutionary relationships among eukaryotic kleisin subunits. A maximum likelihood
unrooted tree was constructed in PHYLIP (Felsenstein, 1981) from a ClustalW multiple align-
ment (Larkin et al., 2007) and rendered radially using iTOL (Letunic and Bork, 2011). The
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with
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Table 1.1 Condensin
subunits
in
various
species
Subunits S.
cerevisiae S.
pombe C.
elegans others
Core (condensin I & II)
SMC2 Smc2 Cut14 MIX-1 CAP-E
SMC4 Smc4 Cut3 SMC-4 CAP-C
Condensin I–speciﬁc
Kleisin I () Brn1 Cnd2 DPY-26 CAP-H
HEAT IA Ycs4 Cnd1 DPY-28 CAP-D2
HEAT IB Ycg1 Cnd3 CAPG-1 CAP-G
Condensin II–speciﬁc
Kleisin II () – – KLE-2 CAP-H2
HEAT IIA – – HCP-6 CAP-D3
HEAT IIB – – CAPG-2 CAP-G2
Prokaryotic
condensin
Three SMC-related complexes are known to occur in prokaryotes, SMC-ScpAB,
MukBEF and MksBEF, with the two former complexes being the best charac-
terised. SMC-ScpAB is widespread in bacteria and archaea (Britton et al., 1998;
Mascarenhas et al., 2002; Soppa et al., 2002), and MukBEF is present in  proteo-
bacteria such as E. coli (Niki et al., 1991; Yamazoe et al., 1999). These two com-
plexes are divergent at the sequence level but share a common architecture. Al-
though the SMC-related complexes, SMC-ScpAB and MukBEF, are not strictly
phylogenetically closer to eukaryotic condensin than to other eukaryotic SMC
complexes (Figure 1.3), they are referred to as prokaryotic condensins due to
their condensin-like null phenotypes, which include decondensed nucleoids, chro-
mosome segregation failure, anucleate cell formation and temperature-sensitive
growth (Britton et al., 1998; Mascarenhas et al., 2002; Soppa et al., 2002; Niki
et al., 1991; Yamazoe et al., 1999).
SMC-ScpAB is composed of a catalytic SMC homodimer, the kleisin ScpA and
accessory protein ScpB, both of which are likely binary in the complex. Similarly,
MukBEF comprises an SMC-like core MukB homodimer, while the kleisin MukF
and accessory protein MukE again form a dimeric frame that interacts with the
MukB heads (Figure 1.1; Fennell-Fezzie et al., 2005; Woo et al., 2009). The most
recently identified prokaryotic SMC-related complex, MksBEF, occurs in diverse
bacterial genomes (Petrushenko et al., 2011). MksBEF is often present along-
side SMC-ScpAB, MukBEF, or even other MksBEFs, suggesting that prokaryotic
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Figure 1.3 Phylogenetic
analysis
of
SMC proteins. Phylogram representing the evolution-
ary relationships among prokaryotic and eukaryotic SMC proteins. A maximum likelihood
unrooted tree was constructed in PHYLIP (Felsenstein, 1981) from a ClustalW multiple align-
ment (Larkin et al., 2007) and rendered radially using iTOL (Letunic and Bork, 2011). The
archaeaon Candidatus
Korarchaeum
cryptoﬁlum was used as an outgroup (top
left), from
which taxa fan out clockwise in order of increasing branch lengths. Note that the prokaryotic
SMC proteins are not phylogentically closer to Smc2 or Smc4, than to the other eukaryotic
SMC proteins. The scale bar represents 0.5 units of evolutionary distance along branches,
as computed by the Jones-Taylor-Thornton method (Jones et al., 1992).
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genome organisation may be more complex than previously appreciated. This
also means that the possibility of as yet undiscovered molecular drivers of chro-
mosome condensation in the larger, incompletely annotated, genomes of eukary-
otes cannot be excluded a priori.
N C
C N
Walker A
Walker B
Signature Walker A
Walker B
Signature
ATP
ATP
Figure 1.4 Schematic
representation
of
the
SMC catalytic
domain. The SMC catalytic
domain comprises two bipartite ATPase active sites, each of which contains Walker A/B
motifs from one SMC subunit and a signature motif from the other SMC subunit.
1.2.2 Structure
of
the
SMC catalytic
domain
The SMC catalytic domain comprises two bipartite ATPase active sites, each of
which contains Walker A/B motifs from one SMC subunit and a signature mo-
tif from the other SMC subunit (Figure 1.4). A crystal structure of the archaeal
SMC catalytic heads from P. furiosus (Lammens et al., 2004) indicates that ATP
molecules mediate SMC head dimerisation, in a reaction that involves binding of
 and  phosphates to the Walker A motif of one SMC subunit, and the  phos-
phate to the signature motif of the opposing subunit; the likely nucleophile for
ATP hydrolysis is a water molecule activated by hydrogen bonds to the Walker
B motif. This allows identification of mutants deficient in particular aspects of
the SMC ATPase cycle: the Walker A mutation K39A disrupts ATP binding, the
signature mutant S1070R disrupts SMC head engagement, and the Walker B mu-
tant E1098Q strongly reduces ATP hydrolysis. In addition, an R59A mutation
in a conserved arginine finger reaching into the nucleotide binding pocket, and
which shows substantial conformational changes on ATP binding, abolishes DNA
stimulation of SMC ATPase activity.
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1.2.3 Diﬀerential
contributions
of
condensin
I and
II to
chromosome
structure
Condensin I and II exhibit distinct spatial staining patterns on chromosome axes,
as well as differing temporal localisation patterns through the cell cycle (Ono
et al., 2003, 2004), suggesting that they may have non-redundant roles in chro-
mosome organisation. For instance, in HeLa cells, condensin I is excluded from
the nucleus in interphase and binds to chromatin only on NEBD in prometaphase.
In contrast, condensin II is essentially nuclear in interphase, is stabilised on chro-
matin in early prophase, and remains associated with chromosomes throughout
mitosis (Ono et al., 2004; Hirota et al., 2004; Gerlich et al., 2006). The differen-
tial contributions of the two condensin complexes to chromosome condensation
are as yet poorly understood. In Xenopus egg extracts, the phenotypes follow-
ing immunodepletion of condensin I– or II–specific subunits indicate that con-
densin I plays the major role in condensation (Ono et al., 2003). By contrast, in
HeLa cells, the siRNA-mediated knockdown of either condensin by RNAi results
in only minor abnormalities in chromosome morphology (Ono et al., 2003; Hi-
rota et al., 2004), with condensin I depletion producing swollen chromosomes,
and condensin II depletion leading to somewhat longer and curled chromosomes.
The varying severity of condensation phenotypes subsequent to condensin deple-
tion in these two systems could be ascribed either to effect of dosage, given the dif-
fering ratios of the two condensin isoforms, or to incomplete silencing by RNAi.
Consistent with the observed aberrant chromosome morphologies in HeLa cells,
further studies in chicken DT40 cells (Green et al., 2012) and Xenopus egg ex-
tracts (Shintomi and Hirano, 2011) implicate condensin II in the early mitotic
axial shortening of chromosome arms, and condensin I in their later lateral com-
paction. More work is needed to determine how two very similar complexes are
able to bind to distinct chromosomal regions, and whether it is their differential
localisation or intrinsic activity that is responsible for their separable contribu-
tions to condensation.
1.2.4 Cell-cycle
regulation
of
chromosome
condensation
Numerous aspects of condensin biology are subject to control by the cell cycle ma-
chinery, making possible a multi-layered regulation of its function. Condensin
activity may be regulated at the level of holocomplex formation, subcellular lo-
calisation, chromosomal loading, or chromatin binding dynamics, one or more
of which are likely altered by post-translational modifications (Figure 1.5).
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Figure 1.5 Regulation
of
condensin
activity. Condensin can be regulated at several diﬀer-
ent levels: complex formation, nuclear import, chromosomal localisation, binding dynamics,
and ATPase activity. This regulation is likely performed by posttranslational modiﬁcations,
which can modulate the biochemical activities of the complex. Reproduced
with
permission
from Thadani
et al. (2012).
Holocomplex
formation
In the test tube, condensin is often found in two major forms corresponding to the
Smc2-Smc4 heterodimer and the holocomplex, as seen in early immunoaffinity
purifications from Xenopus egg extracts (Hirano et al., 1997), as well as reconsti-
tutions of recombinant human condensin (Onn et al., 2007). In addition, yeast
Smc2 and Smc4 can form a stable heterodimer in cell extracts (Stray and Linds-
ley, 2003). In vitro studies have ascribed differing activities to the SMC/MukB
dimer and the holocomplex (Hirano et al., 1997; Petrushenko et al., 2006b). How-
ever, it should be noted that the uncomplexed SMC dimer has not been directly
observed in vivo. Interestingly, the reported role of condensin in disassembly
of the Drosophila nurse cell polytene chromosomes depends on a timely upreg-
ulation of only Kleisin II/CAP-H2 (Hartl et al., 2008), indicating there may be
a role for a limiting subunit in the regulation of complex assembly. Similarly,
HEAT IA/CAP-D2 is a rate-limiting factor for the assembly of functional con-
densin I complexes in Xenopus oocytes (Watrin et al., 2003). This is reminis-
cent of cohesin, where levels of the kleisin Scc1 vary through the cell cycle, and
determine the chromosomal association of the complex (Uhlmann and Nasmyth,
1998). Applying this principle more broadly, one could also ascribe the changing
shapes of mitotic chromosomes in a developmental context to varying expres-
sion levels of condensin I and II–specific subunits (Shintomi and Hirano, 2011).
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Investigations of chromatin binding dynamics of individual condensin subunits,
for instance by fluorescence recovery after photobleaching (FRAP) assays, or of
complex assembly by fluorescence correlation spectroscopy (FCS), fluorescence
cross-correlation spectroscopy (FCCS) or fluorescence resonance energy transfer
(FRET) approaches, would prove instructive in further elucidating regulation at
the level of condensin holocomplex formation.
Subcellular
localisation
In bacteria and archaea that lack a nuclear envelope, condensin is free to interact
with chromatin at any time, limited only by the possible regulation of complex
formation and DNA loading reactions. In eukaryotes, however, the nuclear en-
velope offers a potential barrier to chromatin access and consequently a possible
mode of regulation. In organisms with a closed mitosis like the budding and
fission yeasts, condensin has to be imported into the nucleus at or before chro-
matin compaction in mitosis. Intriguingly, in the budding yeast S. cerevisiae,
condensin localises to the nucleus throughout the cell cycle, a behaviour remi-
niscent of condensin II of higher eukaryotes, despite the complex being a homo-
logue of condensin I at the sequence level (Figure 1.2). On the other hand, con-
densin in the fission yeast S. pombe is predominantly cytoplasmic in interphase
and nuclear during mitosis, an enrichment that requires the cyclin-dependent
kinase (CDK)–dependent phosphorylation of the T19 site in Smc4/Cut3 (Sutani
et al., 1999). In higher eukaryotes with an open mitosis, NEBD at mitotic on-
set ensures that the chromatin association of condensin is not hindered. In D.
melanogaster (Oliveira et al., 2007), C. elegans (Collette et al., 2011), zebrafish
(Seipold et al., 2009) and HeLa (Seipold et al., 2009; Hirota et al., 2004; Ger-
lich et al., 2006) cells, condensin I is cytoplasmic in interphase and nuclear in
mitosis, while condensin II is nuclear throughout the cell cycle, at least in HeLa
cells. An interesting but as yet unresolved question is how this differential sub-
cellular localisation of condensin I and II is achieved, either by modifications
to their regulatory subunits or recognition by additional factors. Intriguingly,
in Drosophila embryos, Kleisin I/Barren associates with chromatin several min-
utes before NEBD (Oliveira et al., 2007). In addition, HeLa cells depleted of con-
densin II still initiate chromosome compaction just before NEBD (Gerlich et al.,
2006). These observations suggest that chromosome compaction in these or-
ganisms may be functionally coupled to disassembly of nuclear pore complexes
(NPCs) rather than the nuclear membrane (Gerlich et al., 2006; Lénárt et al.,
2003). This is probably also the case in C. elegans, where NEBD is completed
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only in anaphase but chromosome condensation is initiated in prophase, accom-
panied by NPC breakdown (Collette et al., 2011).
Dynamic
binding
to
DNA
Chromosome condensation is a dynamic process, and condensin is required not
only to assemble chromosomes, but also maintain them in a condensed state
throughout mitosis. Immunodepletion of condensin from mitotic chromosomes
assembled in Xenopus egg extracts results in their rapid decondensation (Hirano
and Mitchison, 1994). In mitotic yeast cells, the inactivation of condensin leads
to dramatic defects in ribosomal DNA (rDNA) compaction (Lavoie et al., 2002),
and decondenses chromosome arms to G1-like levels (D’Ambrosio et al., 2008b).
Interestingly, while condensin exchanges dynamically from chromosomes, con-
densin I and II exhibit different dynamic behaviour through the cell cycle. FRAP
experiments on green fluorescent protein (GFP)–tagged kleisin subunits in HeLa
cells have shown that condensin I, which is excluded from the nucleus in inter-
phase and binds to chromatin on NEBD, dynamically exchanges from chromo-
somes throughout mitosis. In contrast, condensin II, which is nuclear through-
out the cell cycle, is stabilised on chromatin at the onset of condensation in pro-
phase (Gerlich et al., 2006). What brings about this change in kinetic turnover,
whether it is related to cell cycle–dependent posttranslational modifications, and
what the consequences are on the chromosome condensation status, are impor-
tant questions that remain largely unexplored. Curiously, the budding yeast con-
densin is bound to chromatin even in interphase, and its levels and distribu-
tion along chromosome arms remain largely unaltered through the cell cycle
(D’Ambrosio et al., 2008b; Wang et al., 2005); the dynamic behaviour of this
complex as a function of the cell cycle has not yet been investigated.
Condensin
loading
A critical but poorly understood aspect of condensin function is its loading onto
chromosomes. The two—not mutually exclusive—possibilities are that condensin
directly recognises DNA sequence elements or chromatin features, or that addi-
tional recruiting factors are responsible for loading condensin onto chromatin.
There is evidence for both possibilities, though considerably more for the latter.
The Xenopus (Kimura and Hirano, 2000) and budding yeast (Stray and Lind-
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sley, 2003) Smc2-Smc4 heterodimer can directly bind to DNA in vitro, albeit
with considerably lower affinity than holocomplexes. In addition, the budding
yeast HEAT repeat subunits HEAT IA/Ycs4 and HEAT IB/Ycg1 form a double-
stranded DNA binding domain, and upon binding DNA, stimulate the SMC ATP-
ase (Piazza et al., 2014); condensin complexes lacking one of the HEAT repeat
subunits also fail to associate with chromosomes in yeast and human cells. How-
ever it remains to be seen whether there is a role for direct DNA binding by the
condensin SMC or HEAT repeat subunits in vivo.
In bacteria, the DNA-binding protein ParB recruits SMC to centromere-like parS
sequences that cluster near the origin of replication (Sullivan et al., 2009; Min-
nen et al., 2011). In budding yeast, the cohesin loader Scc2-Scc4 promotes func-
tional association of condensin with chromosomes, and may in turn be recruited
at least in part by transcription factor IIIC (D’Ambrosio et al., 2008b). In the
same model organism, replication fork barrier (RFB) sites at the 30 end of rDNA
genes serve as cis elements for condensin recruitment, in a manner dependent on
the RFB-binding protein Fob1, the topoisomerase I–interacting protein Tof2 and
the monopolin subunits Csm1 and Lrs4 (Johzuka and Horiuchi, 2009; Johzuka
et al., 2006). In addition, the fission yeast homologues of these monopolin sub-
units, Pcs1 and Mde4 act as recruitment factors for condensin enrichment at the
kinetochore (Tada et al., 2011). In the case of condensin II, protein phosphatase
2A (PP2A) acts in a noncatalytic fashion to recruit the complex to frog and human
mitotic chromatin (Takemoto et al., 2009).
It should be emphasised that budding and fission yeast remain the only eukary-
otes in which condensin binding sites have been comprehensively characterised
(D’Ambrosio et al., 2008b; Wang et al., 2005; Schmidt et al., 2009). These stud-
ies show condensin to be enriched at centromeres, an enrichment that becomes
particularly striking in mitosis compared to interphase. The molecular events
governing this centromeric enrichment of condensin remain unclear. Condensin
underlies, in part, the stiff elastic properties of centromeres during spindle at-
tachment (Ono et al., 2004; Gerlich et al., 2006; Ribeiro et al., 2009; Stephens
et al., 2011). Along chromosome arms, condensin is found at transcription fac-
tor IIIC (TFIIIC)–bound RNA polymerase III-transcribed genes, notably trans-
fer RNA (tRNA) genes, as well as a subset of other strongly transcribed genes,
including ribosomal protein genes. A TFIIIC binding element is sufficient to re-
cruit condensin to previously unoccupied sites in S. cerevisiae (D’Ambrosio et al.,
2008b), suggesting that condensin binding along chromosomes is determined by
certain cis-acting elements. What exactly is recognised by condensin, as well as
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the Scc2-Scc4 loading complex that is found at the same sites, remains to be eluci-
dated. A chromosomal binding map of the B. subtilis SMC complex has also been
obtained, and shows striking similarities to yeast condensin, with an enrichment
at the bacterial centromere-like partitioning locus as well as tRNA, ribosomal
protein and other strongly expressed genes (Gruber and Errington, 2009). Little
is as yet known about chromosomal condensin binding patterns in higher eukary-
otes, an area of great interest for forthcoming studies.
Post-translational
modiﬁcations
CDK and PLK1 Early work using Xenopus egg extracts showed that mitotic
CDK-dependent phosphorylation stimulates the ATPase and supercoiling activi-
ties of condensin I (Kimura et al., 1998, 1999). Subsequent studies using budding
yeast condensin have established that CDK-mediated phosphorylation of Smc4
primes the complex for hyperphosphorylation of its three regulatory subunits by
the Polo-like kinase PLK1/Cdc5. This hyperphosphorylation then further stim-
ulates the DNA supercoiling activity of condensin (St-Pierre et al., 2009). Simi-
larly, in HeLa cells, CDK phosphorylates the T1415 residue of HEAT IIA/hCAPD3,
priming the complex for hyperphosphorylation by PLK1, and ensuring the fi-
delity of chromosome assembly (Abe et al., 2011). Taken together, these obser-
vations establish CDK and PLK1 as major molecular cell cycle regulators of con-
densin function. Large-scale phosphoproteomic studies (Nousiainen et al., 2006;
Hegemann et al., 2011; Pagliuca et al., 2011; Kao et al., 2014) have described nu-
merous additional cell cycle–regulated condensin phosphorylation events (some
of which Bazile et al. (2010) summarise), the role of which remains to be ex-
plored.
Mps1 Mps1 is associated, in several eukaryotes, with various aspects of mitotic
progression, including the mitotic checkpoint, chromosome segregation and cy-
tokinesis (Liu and Winey, 2012). The kinase regulates early prophase condensa-
tion in HeLa cells by phosphorylating Kleisin II/CAP-H2, at S492; a failure of
this phosophorylation event or depletion of Mps1 disrupts proper condensin II
localisation to chromatin (Kagami et al., 2014).
Aurora
B The chromosomal passenger complex (CPC) Aurora B kinase is impli-
cated in chromosome condensation in a number of species. In the fission yeast S.
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pombe, the CPC member Cut17/Bir1 is essential for proper localisation of the Au-
rora B–like kinase Ark1, condensin recruitment and chromosome condensation
(Morishita et al., 2001). In this system, Aurora B kinase activity is required for the
mitotic association of condensin with chromatin, but not its nuclear localisation
(Petersen and Hagan, 2003; Nakazawa et al., 2008). In Drosophila Schneider
cells, RNAi against Aurora B is associated with a loss of chromatin-bound Kleisin
I/Barren, leading to incomplete chromosome condensation, abnormal segrega-
tion, a failure of cytokinesis and polyploidy (Giet and Glover, 2001). In budding
yeast, the anaphase condensation of rDNA arrays requires Aurora B/Ipl1 (Lavoie
et al., 2004). Similarly, the C. elegans Smc2/MIX1 fails to be recruited to chro-
matin after Aurora B RNAi (Kaitna et al., 2002), and chromosome condensation
is consequently delayed (Maddox et al., 2006). In HeLa cells, RNAi, as well as
treatment with the Aurora B inhibitor hesparadin, lead to a loss of chromatin
association of condensin I but not condensin II (Lipp et al., 2007). Maximal
anaphase chromosome compaction in rat kidney cells also depends on Aurora
B (Mora-Bermúdez et al., 2007), and condensin I association with chromatin is
reduced after depletion of Aurora B from Xenopus egg extracts (Takemoto et al.,
2007).
Two common themes emerge from these studies on the role of Aurora B in chro-
mosome condensation. First, the depletion of Aurora B impairs the association of
condensin I with chromatin, an observation consistent in S. pombe (Petersen and
Hagan, 2003; Nakazawa et al., 2008), Drosophila (Giet and Glover, 2001) and
HeLa (Lipp et al., 2007) cells, as well as Xenopus egg extracts (Takemoto et al.,
2007). Second, the maximal chromosome compaction that occurs in anaphase
requires Aurora B (Lavoie et al., 2004; Mora-Bermúdez et al., 2007) and pre-
sumably its kinase activity (Petersen and Hagan, 2003; Nakazawa et al., 2008).
However a direct link between Aurora B kinase and condensin remained elusive
until in vitro experiments established that Aurora B/Ipl1 directly phosphorylates
the budding yeast condensin accessory subunits Kleisin I/Brn1, HEAT IA/Ycs4
and HEAT IB/Ycg1 in mitosis (St-Pierre et al., 2009). Mass spectrometry stud-
ies have since identified three Aurora B consensus sites in fission yeast Kleisin
I/Cnd2: S5, S41 and S52, of which S52 phosphorylation depends on Aurora B
kinase in vivo; substitutions of the three serine residues to nonphosphorylatable
alanines lead to chromosome missegregation (Nakazawa et al., 2011). These ob-
servations have been confirmed and extended to mammals. A series of in vitro
and in vivo experiments show that mitotic phosphorylation of the condensin I
kleisin subunit triggers its interaction with the basic N-terminal tail of histones
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H2A and H2A.Z, which is required for chromatin association of the complex
(Tada et al., 2011). The conservation of phosphorylation-dependent condensin
interactions with histone H2A variants between fission yeast and mammals, and
the general requirement of Aurora B kinase for chromosome condensation in
various species, suggests this may be a fundamental mechanism common to all
eukaryotes.
In S. pombe, the histone variant H2A.Z additionally requires N-terminal acety-
lation to maintain condensin association with chromatin, and hence anaphase
chromosome condensation (Kim et al., 2009). Furthermore, Aurora B may also
have a condensin-independent role in chromatin hypercondensation, via phos-
phorylation of histone H3 at S10, leading to a cascade of histone modifications
that free the histone H4 tail to interact with the surface of neighbouring nucleo-
somes, promoting fibre condensation (Wilkins et al., 2014).
Cdc14 In addition to the kinases CDK, Polo and Aurora B, the phosphatase
Cdc14 also plays a role in chromosome condensation in budding yeast. Cdc14 is
sequestered in the nucleolus until it is activated in anaphase by the cdc-fourteen
early anaphase release (FEAR) pathway and the mitotic exit network (MEN) (Que-
ralt and Uhlmann, 2008). In early anaphase, Cdc14 is essential for anaphase-
specific condensation and segregation of the rDNA locus, activities that in turn
require condensin and Aurora B (Sullivan et al., 2004). Cdc14 promotes con-
densin association with rDNA, which correlates with the sumoylation of HEAT
IA/Ycs4 and phosphorylation of HEAT IB/Ycg1 (D’Amours et al., 2004). The
Cdc14 target(s) that promote rDNA condensation and segregation are not known.
One possibility is that the Cdc14-dependent dephosphorylation of the CPC com-
ponent Sli15 and the resultant anaphase-specific relocalisation of Aurora B to
the spindle midzone play a role (Pereira and Schiebel, 2003). Aurora B at the
spindle midzone has been proposed to promote hypercondensation of trailing
chromosome arms (Tada et al., 2011; Neurohr et al., 2011). Potential roles of
sumoylation or direct dephosphorylation of condensin subunits by Cdc14 remain
to be explored, as is the role of Cdc14 in anaphase condensation in other species.
In contrast to its early anaphase role in compaction, Cdc14 promotes chromo-
some decondensation subsequently in late anaphase. At this stage, CDK inhibi-
tion and Cdc14 activity impair the association of Brn1 with chromatin (Varela
et al., 2009). These results are consistent with the possibility that condensin de-
phosphorylation by Cdc14 promotes chromosome decondensation at mitotic exit.
Since phosphorylation generally appears to stimulate the biochemical activity of
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the condensin complex, such as DNA binding and supercoiling, its dephosphory-
lation may reverse these effects to permit chromosome decondensation as cells
return to interphase. Consistent with this idea, the phosphatase PP2A, which
plays a role in mitotic exit in higher eukaryotes, has been implicated in the de-
phosphorylation of HEAT IIA/CAP-D3 (Yeong et al., 2003).
CPF In fission yeast, the 30 end RNA processing factor Swd2.2, a component
of the cleavage and polyadenylation factor (CPF), acts as a negative regulator
of condensin-mediated chromosome condensation (Vanoosthuyse et al., 2014).
This function is independent of Aurora B-dependent phosphorylation of Kleisin
I/Cnd2 (Tada et al., 2011) or H2A.Z acetylation (Kim et al., 2009), and may in-
stead occur by impairing the association of condensin with chromatin.
CK2 A casein kinase II (CK2)–mediated interphase-enriched phosphorylation
of condensin I in human cell cultures is the only known phosphorylation that neg-
atively regulates the supercoiling activity of condensin (Takemoto et al., 2006).
1.2.5 Towards
a
mechanistic
understanding
of
chromosome
condensation
Biochemical characterisation of condensin has uncovered a number of activities
of the complex, including the ability to topologically encircle DNA, supercoil DNA
and hydrolyse ATP. It is likely that models of mitosis-specific chromosome con-
densation by condensin will incorporate some or all of these activities, each of
which could be modulated by post-translational modifications. Notably, pos-
tulating the topological entrapment of two chromatin strands within a single
circular condensin complex provides a succinct explanation of how condensin
might mediate long-range chromosomal interactions (Cuylen et al., 2011, 2013;
Thadani et al., 2012). Alternatively, a handcuff-like assembly of two tethered
condensin rings, as is sometimes proposed in the case of cohesin (Zhang et al.,
2008), might bridge distant DNA regions (Figure 1.6).
Multimerisation
Evidence for the formation of multimeric condensin assemblies stems largely
from in vitro studies of bacterial condensins. In electron micrographs, purified E.
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Topological entrapment Handcuff assembly
condensin
DNA
Figure 1.6 Proposed
modes
of
condensin
binding
to
chromatin. Left: A ring-shaped
condensin complex topologically captures more than one strand of chromatin in a sequen-
tial manner to bring about condensation. Bottom: A ring-shaped condensin complex binds
to a single strand of chromatin. The condensation reaction then involves dimerisation of
more than one condensin complex in a handcuﬀ-like assembly, or even their multimerisa-
tion. These models are not mutually exclusive, and it is easy to imagine the multimerisation
of condensin rings that entrap more than one strand of chromatin. Adapted
from Thadani
et al. (2012).
coli MukBEF has been seen as an oligomer, forming extended fibres and rosette-
like configurations. In contrast, the MukB homodimer is rarely multimeric, sug-
gesting that intermolecular MukE or MukF interactions mediate oligomerisa-
tion (Matoba et al., 2005). Protein volume measurements via atomic force mi-
croscopy show that B. subtilis SMC complexes form higher-order structures in
the presence of ScpA and ScpB, further indicating that the accessory subunits
may have a role in the organisation of SMC oligomers (Fuentes-Perez et al., 2012).
There are several indications that DNA compaction in vitro can proceed by the
concerted action of several condensin complexes. Direct force measurements
in single molecule experiments demonstrate that MukBEF compacts DNA into
stable, repetitive structures in a highly cooperative manner (Cui et al., 2008;
Petrushenko et al., 2010). Similar cooperative behaviour of condensin I was ob-
served during the ATP-dependent compaction of single nanomanipulated DNA
fibres (Strick et al., 2004). In contrast to these in vitro compaction reactions
in the presence of excess amounts of condensin, the number of condensin com-
plexes in vivo is relatively small. Thus, although MukB is found in clusters in
living cells (Ohsumi et al., 2001), the applicability of these results to the DNA
condensation reaction at physiological concentrations of condensin remains un-
determined. In both yeast and humans, chromosome condensation is achieved
by one condensin complex per 5-10 kb of DNA (Wang et al., 2005; MacCallum
et al., 2002). Whether and how interactions between more than one condensin
complex contribute to chromosome condensation in vivo is as yet unknown. Fu-
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ture experiments using superresolution microscopy and FRET approaches will
help to investigate this possibility.
DNA supercoiling
and
topological
selectivity
Eukaryotic and bacterial condensins have both been shown to possess the intrin-
sic ability to directly supercoil DNA in vitro, albeit with differing directionalities.
Condensin purified from Xenopus egg extracts (Hirano et al., 1997; Kimura et al.,
1998) and yeast cells (St-Pierre et al., 2009) is able to introduce positive super-
coils in circular plasmid DNA in the presence of topoisomerase I and ATP. The
Xenopus condensin preparation also produces chiral knots in DNA in the pres-
ence of topoisomerase II, leading to the idea that condensin reconfigures DNA by
the introduction of a global positive writhe (Kimura et al., 1999). Like its eukary-
otic counterparts, the E. coli MukB introduces right-handed knots into DNA in
the presence of phage topoisomerase II; the net supercoiling stabilised by MukB,
however, is negative (Petrushenko et al., 2006a). An interaction of condensin
with type II topoisomerases has been demonstrated in Drosophila and E. coli
(Bhat et al., 1996; Hayama and Marians, 2010; Li et al., 2010). However, this in-
teraction has been implicated in the role of condensin in the decatenation of sister
chromatids to facilitate chromosome segregation (Bhat et al., 1996; D’Ambrosio
et al., 2008a). Any presumed role for topoisomerase II in chromosome condensa-
tion remains controversial. While supercoiling and the introduction of a writhe
thus remain striking in vitro effects of condensin on DNA, their relevance to chro-
mosome condensation in vivo in the face of abundant DNA topoisomerases that
are adapted to relieve topological stress, remains uncertain.
Condensin from Xenopus egg extracts preferentially binds cruciform DNA molec-
ules over unstructured linear duplexes, and longer DNA molecules over shorter
ones, in electromobility shift assays (Kimura and Hirano, 1997). While such
binding preferences to complex DNA structures in vitro remain difficult to in-
terpret, they may point to an interesting feature of condensin. In the case of E.
coli MukB, single molecule recordings show the protein to stabilise interactions
between two strands of DNA, with a marked preference for right-handed DNA
crossings (Petrushenko et al., 2010). These observations suggest that condensin
does not simply capture randomly colliding DNA molecules but may recognise
their topology. Such a topology distinction could contribute to a possible mecha-
nism for distinguishing interactions within a chromatid from those between sis-
ter chromatids.
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ATPase
activity
SMC proteins lack sequence or structural similarity to conventional motor pro-
teins (van den Ent et al., 1999; Lammens et al., 2004) and are thus unlikely to
use the energy of ATP hydrolysis to move along chromosomes or physically reel
in DNA. Instead the SMC ATPase cycle drives a series of conformational changes
at the molecular level that likely influence the chromosomal association of the
condensin complex. ATP binding to the SMC head domains leads to their en-
gagement, while ATP hydrolysis allows the heads to move apart (Lammens et al.,
2004). Despite some initial qualitative studies in chicken DT40 cells (Hudson
et al., 2008), how precisely the catalytic cycle of ATP-dependent head engage-
ment and disengagement is coupled to condensin’s interaction with chromatin,
and whether this contributes to chromosome condensation, has remained un-
clear.
The SMC-kleisin interaction is a candidate for regulation by the ATPase cycle.
A striking ATP-dependent conformational change has been observed in struc-
tural studies of the E. coli MukBEF complex, where ATP binding–mediated en-
gagement of the two MukB heads leads to the detachment of the dimeric MukF
kleisin frame from one of the MukB heads (Woo et al., 2009). This conforma-
tional change requires a transient loss of kleisin interaction with one of the MukB
heads and thus might be coupled to topological DNA entry or exit from the MukB
ring. In the case of cohesin, the C-terminal winged-helix domain of the kleisin
Scc1 stimulates the ATPase activity of the Smc1-Smc3 heterodimer by promoting
ATP binding to the Smc1 head (Arumugam et al., 2006). In addition, the reported
stimulation of condensin SMC ATPase activity upon DNA binding by its HEAT
repeat subunits may play a role (Piazza et al., 2014). Little is yet known about the
consequences of ATP hydrolysis for condensin function in vivo, though in case of
cohesin it has been established that ATP hydrolysis is required for chromosome
association of the complex (Arumugam et al., 2003; Weitzer et al., 2003), as well
as its relocation from chromosomal loci occupied by the Scc2-Scc4 loading com-
plex (Hu et al., 2011).
A recent model for cohesin proposes two distinct entry and exit gates for DNA. In
this model, DNA enters the ring through the Smc1-Smc3 hinge dimerisation in-
terface, and exits via opening of the Smc3-kleisin interaction (Chan et al., 2012).
How conformational changes at the ATPase heads could be translated to the
hinge domain some 50 nm away to allow DNA entry remains to be investigated.
Such a long range interaction has been demonstrated between the two parts of
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the cohesin complex (McIntyre et al., 2007). In the case of condensin, a head-
hinge interaction is apparent in atomic force microscopic images of the fission
yeast complex (Yoshimura et al., 2002). The archaeal SMC hinge has also been
implicated in its binding to DNA. Notably an enzymatic crosstalk between DNA
binding close to the hinge and ATP hydrolysis by the ATPase heads domains has
been observed (Griese and Hopfner, 2011; Hirano and Hirano, 2006). At the
same time, the hinges of the prokaryotic SMC and MukB proteins show substan-
tial structural differences (Griese and Hopfner, 2011; Ku et al., 2010). The impact
of ATP binding and hydrolysis on SMC complexes therefore remains an impor-
tant area of study that should shed light on their ability to dynamically associate
with and condense chromosomes, and is the subject of the present study.
1.3 Objectives
The aim of this project is to determine whether and how the ATPase activity
of condensin affects chromosome condensation, which remains a poorly under-
stood aspect of condensin function. Using specific structure-based point muta-
tions, along with quantitative measurements of chromosome condensation, and
novel conditional alleles of condensin in the eukaryotic model budding yeast Sac-
charomyces cerevisiae, I show that the ATPase activity of condensin is crucial for
its function. Mutations in the ATPase domain alter the dynamic chromatin bind-
ing properties of condensin, and compromise its ability to form compact mitotic
chromosomes. Taken together, these results shed light on critical events in the
assembly and faithful segregation of mitotic chromosomes.
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2 Materials
and
Methods
2.1 Yeast
strains, growth
and
media
The genotypes of all budding yeast strains used in this work are specified in the
List of Strains on page 130. Genes were tagged at their C-termini by transforma-
tion (Section 2.5) with one-step PCR-based gene targeting amplicons (McElver
and Weber, 1992). Oligonucleotides for generating these amplicons typically had
~50 bp of homology to sequences flanking the target gene stop codon, and ~20
bp of homology to the template vector containing the tag and selection marker.
Table 2.1 contains a list of all oligonucleotides and template vectors used to gen-
erate strains for this study.
Unless otherwise stated, all strains were grown at 25°C. Liquid cultures were
grown with agitation at 220 rpm. Cell growth in liquid cultures was assessed by
absorbance measurements on an Ultrospec 2000 UV/visible spectrophotometer
(Amersham Pharmacia Biotech) at 600 nm; 1 OD unit corresponded to ~1.5 x 107
cells/ml.
Growth media were obtained according to standard specifications: YP (‘yeast
peptone’ – 1.1% w/v yeast extract, 2.2% w/v bacto-peptone and 0.0055% w/v
adenine-HCl) supplemented with 2% w/v D-(+)-glucose (YPD), 2% w/v D-(+)-
raffinose (YPRaff) or 2% D-(+)-raffinose + galactose (YPRaffGal); YNB (‘yeast ni-
trogen base’ – 0.8% w/v yeast nitrogen base, 60 µg/ml of each of the amino acids
tyrosine, uracil, tryptophan, leucine, adenine, histidine, isoleucine & phenylala-
nine, 3 µg/ml arginine, 4 µg/ml lysine and 5 µg/ml threonine). Solid media for
plates contained 2.2% w/v agar in addition. For auxotrophic selection of trans-
formants, YNB agar plates lacking the selective amino acid(s) were used. Alter-
natively, for selection based on kanamycin resistance, YPD agar plates supple-
mented with the kanamycin derivative geneticin G418 (200 µg/ml) were used.
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2.2 Yeast
cell
synchronisation
For cell synchronisation in G1, cells were grown to early log phase (OD  0.1–
0.2) before addition of the pheromone twice at 1 hour intervals. For strains
of the MATa mating type, 5 µg/ml  factor was used each time (1:1000 from
a 5 mg/ml stock solution in methanol). For strains of the MAT mating type,
0.02 µg/ml a factor was used each time (1:10000 from an 0.2 mg/ml stock solu-
tion in methanol; O’Reilly et al., 2012); pheromones were synthesised in-house
(Peptide Synthesis Laboratory, Cancer Research UK London Research Institute).
Metaphase arrests were induced by nocodazole added to growth medium at a
final concentration of 4–5 µg/ml (1:500–1:400 from a 2 mg/ml stock solution
in DMSO). For auxin-induced degradation, indole-3-acetic acid was used at a
concentration of 1 mM (1:500 from a 0.5 M stock solution in methanol). For in-
duction of the anchor-away technique, rapamycin was used at a concentration of
1 µg/ml (1:1000 from a 1 M stock solution in DMSO).
Table 2.1 Oligonucleotides
and
templates
used
for
gene
targeting
Strain Product Template Oligonucleotides
RT19 HTB2-YFP–HIS pCSL288 oRT11, oRT12
RT49 SMC2-3HA–URA pCSL42 co132, co133
RT63 BRN1-3Pk–LEU pCSL563 co311, co312
RT65 BRN1-3Pk–LEU pCSL563 co311, co312
RT145 SMC2-IAA17-9myc–KAN pRT40 oRT56, oRT57
RT146 SMC2-3Pk-miniAID–KAN pRT21 oRT56, oRT57
RT148 SMC4-IAA17-9myc–KAN pRT40 oRT58, oRT59
RT149 SMC4-3Pk-miniAID–KAN pRT21 oRT58, oRT59
RT155 BRN1-3HA–TRP pCSL35 co311, co312
RT159 SMC4-3HA–TRP pCSL35 co134, co135
RT161 SMC2-3Pk–TRP pCSL554 co132, co133
RT163 SMC4-3Pk–TRP pCSL554 co134, co135
RT174 NET1-mCitrine–HIS pRT22 oRT1, oRT2
RT178 NET1-mCitrine–HIS pRT22 oRT1, oRT2
RT180 NET1-mCitrine–HIS pRT22 oRT1, oRT2
RT184 NET1-mCitrine–HIS pRT22 oRT1, oRT2
RT192 HTB2-mCitrine–HIS pRT22 oRT11, oRT12
RT196 HTB2-mCitrine–HIS pRT22 oRT11, oRT12
SH110 SMC2-FRB–KAN pES30578 oRT49, oRT4
SH184 SMC4-FRB–KAN pES30578 oRT50, oRT6
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2.3 Yeast
genomic
DNA extraction
Genomic DNA was prepared from fresh patches of yeast growing on YPD plates.
A loopful of cells were resuspended in 200 µl SCE/ME/Zymolase (1 M sorbitol;
100 mM sodium citrate, pH 7.0; 60 mM EDTA; per ml: 8 µl -mercaptoethanol,
2 µl of 20 mg/ml zymolase T-20) and incubated at 37°C for 45 min on a shaking
thermomixer. 200 µl of SDS solution (100 mM Tris-HCl, pH 9.0; 50 mM EDTA;
2% SDS) was added, and the mixture heated at 65°C for 5 min. 200 µl of 5 M
potassium acetate was added at room temperature, followed by centrifugation at
14000 rpm for 10 min on a benchtop microcentrifuge. 350 µl of the supernatant
was transferred to a fresh tube. 800 µl of 100% ethanol was added, followed by
centrifugation at 6000 rpm for 2 min at room temperature. The ethanol was
aspirated, and the pellet was rinsed with 70% ethanol, air-dried in a 37°C ther-
momixer for 20 min, and resuspended in 200 µl nuclease-free water. Concentra-
tion was measured on a Nanodrop ND-1000 spectrophotometer.
2.4 Cloning
2.4.1 YIplac128–PGAL1–SWE1-3Pk
The SWE1 open reading frame (ORF) was amplified by PCR using Expand High
Fidelity polymerase (Roche Diagnostics), primers oRT62 and oRT63, and a K699
genomic DNA template (extracted as described in Section 2.3). The resulting
2476 bp fragment was treated with Taq polymerase (Qiagen) to create 30 A over-
hangs and inserted into linearised pCR2.1 in a TopoTA cloning reaction (Invitro-
gen). Following sequencing, the insert was sub-cloned into pCSL520 as a BamHI,
PstI fragment, generating the LEU2-integrable vector pRT41 (YIplac128–PGAL1–
SWE1-3Pk; Figure 2.1).
2.4.2 pFA6a–IAA17-9myc–kanMX
Full-length IAA17 without a stop codon was amplified by PCR as a KpnI, XmaI
fragment from pMK43 (Nishimura et al., 2009) using Expand High Fidelity poly-
merase (Roche Diagnostics) and primers oRT87 and oRT88. 9myc was amplified
from pCSL43 as an XmaI, BglII fragment using primers oRT89 and oRT90 and
resolved on an acrylamide gel. The purified digested fragments were inserted
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oRT62  (699 .. 726)
BamHI  (699)
PstI  (3167)
oRT63  (3142 .. 3168)
YIplac128–PGAL1–SWE1-3Pk
7525 bp
Figure 2.1 YIplac128–PGAL1–SWE1-3Pk.
into KpnI, BglII–linearised pMK43, yielding the C-terminal aid tagging vector
pRT40 (pFA6a–IAA17-9myc–kanMX; Figure 2.2).
2.4.3 pFA6a–3Pk-miniAID–kanMX
A codon-optimised (Grote et al., 2005) 3Pk tag was inserted into pMK151 (Kubota
et al., 2013) with the mutagenic primers oRT136 and oRT137, using the Q5 site
directed mutagenesis kit (New England Biolabs) following the manufacturer’s in-
structions. This formed a pFA6a–3Pk-3miniAID–kanMX construct, which was
subjected to further deletion mutagenesis with primers oRT176 and oRT177 us-
ing the same kit to generate the final C-terminal aid tagging vector pRT21 (pFA6a–
3Pk-miniAID–kanMX; Figure 2.3).
2.4.4 YIplac211–PSMC2–SMC2-3HA
YIplac211–PSMC2–SMC2-3HA was constructed by an InFusion HD cloning re-
action (Clontech) between three fragments with 15 bp overlaps: inserts PSMC2–
SMC2 & 3HA and vector YIplac211. The SMC2 ORF was amplified along with
500 bp of upstream sequence (designated PSMC2) by PCR from K699 genomic
DNA with primers oRT121 and oRT122, using CloneAmp high fidelity polymerase
(Clontech). Similarly, a 3HA epitope tag was amplified from pCSL42 with primers
oRT123 and oRT124. The vector YIplac211 (pCSL3) was prepared by overnight
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oRT87(70 .. 96)  KpnI  (77)
oRT89  (766 .. 801)
XmaI  (766)
oRT88  (748 .. 772)
BglII  (1144)
oRT90  (1123 .. 1150)
pFA6a–IAA17-9myc–kanMX
5012 bp
Figure 2.2 pFA6a–IAA17-9myc–kanMX.
oRT137(48 .. 115)  oRT136  (116 .. 182)
oRT177  (374 .. 395)
oRT176  (396 .. 415)
pFA6a–3Pk-miniAID–kanMX
4253 bp
Figure 2.3 pFA6a–3Pk-miniAID–kanMX.
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digestion with SphI and EcoRI, heat inactivation and treatment with rSAP (New
England Biolabs). Following agarose gel purification, 100 ng of each of the three
overlapping DNA fragments (PSMC2–SMC2, 3HA and YIplac211) was used in a
10 µl Infusion HD cloning reaction as per the manufacturer’s instructions (15
min, 50°C). 5 µl of the reaction mixture was transformed into one-shot TOP10F0
chemical competent E. coli (Invitrogen), and the cells plated on LB + ampicillin
selective medium containing BluoGal for blue-white colony screening. Putative
positive white clones were verified by sequencing, producing the final URA3-
integrable vector pRT1 (YIplac211–PSMC2–SMC2-3HA; Figure 2.4).
oRT121
oRT124
EcoRI
oRT122
XmaI
SphI
oRT123
YIplac211–PSMC2–SMC2-3HA
7897 bp
Figure 2.4 YIplac211–PSMC2–SMC2-3HA.
2.4.5 YIplac204–PSMC4–SMC4-3HA
YIplac204–PSMC4–SMC4-3HA was constructed by a two-way InFusion HD clon-
ing reaction (Clontech) using 15 bp overlaps between the insert PSMC4–SMC4-
3HA and vector YIplac204. The SMC4 ORF was amplified along with 499 bp of
upstream sequence (designated PSMC4) by PCR from K699 genomic DNA with
primers oRT125 and oRT126, using CloneAmp high fidelity polymerase (Clon-
tech). Similarly, a 3HA epitope tag was amplified from pCSL42 with primers
oRT127 and oRT124. The complete insert PSMC4–SMC4-3HA was then prepared
by a nested PCR reaction with primers oRT125 and oRT124, using gel-purified
PSMC4–SMC4 and 3HA fragments as templates. The vector YIplac204 (pCSL2)
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was prepared by overnight digestion with SphI and EcoRI, heat inactivation, and
treatment with rSAP (New England Biolabs). Following agarose gel purification,
100 ng of each of the two overlapping DNA fragments (PSMC4–SMC4-3HA and
YIplac204) was used in a 10 µl Infusion HD cloning reaction as per the manufac-
turer’s instructions (15 min, 50°C). 5 µl of the reaction mixture was transformed
into one-shot TOP10F0 chemical competent E. coli (Invitrogen), and the cells
plated on LB + ampicillin selective medium containing BluoGal for blue-white
colony screening. Putative positive white clones were verified by sequencing, pro-
ducing the final TRP1-integrable vector pRT8 (YIplac204–PSMC4–SMC4-3HA;
Figure 2.5).
oRT125(224 .. 268)  
oRT124(5106 .. 5147)  
EcoRI(5127)  
oRT126(4980 .. 5027)  
XmaI(5007)  
oRT127(4992 .. 5033)  
SphI  (243)
YIplac204–PSMC4–SMC4-3HA
8388 bp
Figure 2.5 YIplac204–PSMC4–SMC4-3HA.
2.4.6 ATPase
mutants
of SMC2 and SMC4
Point mutants of SMC2 and SMC4 were constructed with mutagenic primers
(listed in Table 2.2) on templates YIplac211–PSMC2–SMC2-3HA and YIplac204–
PSMC4–SMC4-3HA respectively, using the Q5 site directed mutagenesis kit (New
England Biolabs) following the manufacturer’s instructions. Briefly, 12.5 µl PCR
reactions were performed using Q5 high fidelity polymerase with 5 ng of appro-
priate template and 0.5 µM of each primer. Following verification by agarose gel
electrophoresis, 0.5 µl of the PCR mixture was treated with the KLD (kinase, lig-
ase & DpnI) mix provided with the kit in a 5 µl reaction, and transformed into the
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supplied NEB5 high efficiency competent cells. Positive clones were identified
by sequencing.
Table 2.2 Oligonucleotides
used
for
constructing SMC ATPase
mutants.
Vector Oligonucleotides
pRT2 YIplac211–PSMC2–SMC2K38A-3HA oRT105, oRT106
pRT3 YIplac211–PSMC2–SMC2R58A-3HA oRT107, oRT108
pRT5 YIplac211–PSMC2–SMC2S1085R-3HA oRT109, oRT110
pRT6 YIplac211–PSMC2–SMC2E1113Q-3HA oRT111, oRT112
pRT9 YIplac204–PSMC4–SMC4K191A-3HA oRT113, oRT114
pRT10 YIplac204–PSMC4–SMC4R210A-3HA oRT115, oRT116
pRT11 YIplac204–PSMC4–SMC4R210K-3HA oRT162, oRT116
pRT12 YIplac204–PSMC4–SMC4S1324R-3HA oRT117, oRT118
pRT13 YIplac204–PSMC4–SMC4E1352Q-3HA oRT119, oRT120
pRT14 YIplac204–PSMC4–SMC4E1352D-3HA oRT163, oRT120
2.4.7 pFA6a–yEmCitrine–SkHIS3
pFA6a–yEmCitrine–SkHIS3 was constructed by a two-way Infusion HD cloning
reaction (Clontech) using 15 bp overlaps between the insert yEmCitrine and vec-
tor pCSL879. The yEmCitrine ORF was amplified from pKT0211/pAG8734 with
primers oRT138 and oRT143a using Q5 high fidelity polymerase (New England
Biolabs). The vector pFA6a–HIS3MX6 (pCSL879) was prepared by overnight di-
gestion with BglII, heat inactivation, and treatment with rSAP (New England Bi-
olabs). Following agarose gel purification, 100 ng of each of the two overlapping
DNA fragments (mCitrine and pFA6a–HIS3MX6) was used in a 10 µl Infusion
HD cloning reaction as per the manufacturer’s instructions (15 min, 50°C). 5 µl
of the reaction mixture was transformed into one-shot TOP10F0 chemical compe-
tent E. coli (Invitrogen), and plated on selective LB + ampicillin medium. Puta-
tive positive clones were identified by a diagnostic digest with BglII and verified
by sequencing, producing the final C-terminal tagging vector pRT22 (pFA6a–
yEmCitrine–SkHIS3; Figure 2.6).
2.5 Yeast
transformation
Yeast cells were transformed using a variation of the high efficiency lithium ac-
etate method (Gietz and Schiestl, 2007). 50 ml of mid log–phase cells (OD 
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oRT138(77 .. 126)  BglII  (87)
BglII  (812)
oRT143a  (769 .. 827)
pFA6a-yEmCitrine-HIS3MX6
4550 bp
Figure 2.6 pFA6a–yEmCitrine–SkHIS3.
0.5) were spun down (3000 rpm, 5 min), washed in 1 ml water, followed by 1 ml
TEL (10 mM Tris-HCl, pH 7.5; 0.1 mM EDTA; 100 mM lithium acetate), and fi-
nally resuspended in 50 µl TEL. In a separate tube, upto 8 µl of DNA to be trans-
formed (1 µg linearised vector or PCR product for integration) was added to 2 µl
of 10 mg/ml salmon sperm DNA that had been boiled at 95°C for 5 min and
cooled on ice for 5 min. 50 µl of the cell suspension in TEL was added to the
DNA and mixed. 300 µl of TELP (TEL containing sterilised 40% PEG3350) was
added, the mixture vortexed for 10 sec, and incubated at 25°C for 2–4 hours. The
transformation mix was then subjected to heat shock at 42°C for 15 min, spun
down (4000 rpm, 2 min) and resuspended in 1 ml filter-sterilised 1 M sorbitol.
100 µl was plated as the 1/10 dilution. The rest of the mix was spun down again
(4000 rpm, 2 min), resuspended in 100 µl 1 M sorbitol and plated as the 9/10
dilution. The plates were incubated at 25°C for 2–3 days, when colonies became
visible. For auxotrophic selection, the appropriate selective plates were used di-
rectly (Section 2.1), whereas for kanamycin selection, YPD plates were used for
overnight growth, before replica plating onto YPD + G418 plates.
2.6 Flow
cytometry
For preparation of samples for flow cytometry, 1 ml of culture (OD > 0.15) was
spun down, fixed in 1 ml ice-cold 70% ethanol, and incubated at 4°C overnight.
Cells were pelleted and resuspended in 1 ml of 50 mM Tris-HCl, pH 7.5 contain-
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ing 0.1 mg/ml RNase A (1:100 from 10 mg/ml stock, DNase free after boiling).
The cells were incubated at 37°C for 2–16 hours, pelleted and resuspended in
0.4 ml of FACS buffer (200 mM Tris-HCl, pH 7.5; 211 mM NaCl; 78 mM MgCl2)
containing 50 µg/ml propidium iodide (1:20 from 1 mg/ml propidium iodide stock
in water). Samples were sonicated for 5 seconds and stored in the dark at 4°C
until analysis. For analysis, 50–100 µl of stained cells were diluted in 600 µl of
50 mM Tris-HCl, pH 7.5. Immediately after dilution, 10000 events per sample
were counted on a Beckton-Dickinson FACScan with settings in linear mode (FSC
threshold: 52; FSC: detector: E01, amplifier: 1.4; SSC: detector: 400, amplfier:
1; FL1, FL3 off; FL2: detector: 750, amplifier: 7). The resulting cell counts were
analysed using FlowJo.
2.7 Western
blotting
Chemiluminescent detection was performed using antibodies diluted in 5% non-
fat milk in phosphate buffered saline (PBS), Amersham ECL Prime reagents, and
an ImageQuant LAS4000 scanner. Fluorescent detection was performed using
antibodies diluted in Licor blocking buffer and a Licor Odyssey scanner.
2.7.1 TCA protein
extracts
5 OD units of cells (~10 ml, OD 0.5) were harvested (3000 rpm, 5 min, 4°C), re-
suspended in 1 ml ice-cold 20% TCA (tricholoacetic acid), centrifuged (1 min,
13000 rpm) and resuspended in 1 ml ice-cold 1 M Tris base (pH unadjusted).
Cells were resuspended in 100 µl 2x SDS sample buffer (100 mM Tris-Cl, pH
6.8; 4% SDS; 0.2% bromophenol blue; 20% glycerol) with freshly added 200 mM
DTT. Samples were boiled at 95°C for 2 min, 200 µl glass beads added, and boiled
again at 95°C for 2 min. Cells were broken in a Yasui Kikai cooled cell breaker
with two repetitions of programme 1 (2700 rpm, on 60 sec, off 60 sec, total time
420 sec) with a 5 min gap. Broken cells were again boiled at 95°C for 2 min, and
the extracts transferred by centrifugal flow through needle holes (3000 rpm, 5
min) to 15 ml tubes. Extracts were transferred to fresh microcentrifuge tubes,
boiled (95°C, 2 min), centrifuged (13000 rpm, 1 min) and loaded onto an SDS-
PAGE gel. 5 µl of extract was typically used.
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2.7.2 Primary
antibodies
The following primary antibodies were used:
Clb2 Rabbit, Santa Cruz, sc9071
FKBP12 Rabbit, Novus Biologicals, NB300-508
HA Mouse 12CA5, Cell Services, Cancer Research UK
Rat 3F10, Roche, 1-867-423
Myc Mouse 9E10, Cell Services, Cancer Research UK
Pk Mouse, Serotec, MCA1360
-tubulin Mouse TAT-1, Cell Services, Cancer Research UK
2.7.3 Secondary
antibodies
The following secondary antibodies were used:
HRP–anti-mouse Sheep, Amersham, 926-32280
HRP–anti-rabbit Sheep, Amersham, NA934
IRdye800CW–anti-mouse Goat, Licor Biosystems, 926-32280
IRdye700DX–anti-rabbit Goat, Rockland, 611-130-122
2.8 Chromatin
pellets
Chromatin pellets were prepared essentially as previously described (Liang and
Stillman, 1997). 12.5 OD units of cells (50 ml, OD  0.25, 5 x 108 cells) were
centrifuged (3000 rpm, 5 min) and resuspended in 3 ml CP1 solution (100 mM
PIPES/KOH, pH 9.4; 10 mM DTT; 0.1% sodium azide) and incubated at room
temperature for 10 min. The cells were then centrifuged (2000 rpm, 2 min), re-
suspended in 2 ml CP2 solution (50 mM potassium phosphate buffer, pH 7.4;
0.6 M Sorbitol; 10 mM DTT) and transferred to 2 ml microcentrifuge tubes. Cells
were spheroplasted by addition of 4 µl 20 mg/ml zymolase T-100 and incubated
in a 37°C water bath for 15 min. Spheroplastation was monitored using a spec-
trophotometer and halted when the OD of a 1:100 dilution of the cell suspension
in water was less than 10% of the value before addition of enzyme, typically 15
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min. In a cold room, cells were centrifuged (4000 rpm, 1 min), washed with 1 ml
CP3 solution (1 ml 50 mM HEPES/KOH, pH 7.5; 100 mM KCl; 2.5 mM MgCl2;
0.4 M sorbitol), and resuspended in 100 µl EB (50 mM HEPES/KOH pH 7.5;
100 mM KCl; 2.5 mM MgCl2; 1 mM DTT; 1 mM PMSF; complete mini EDTA-free
protease inhibitor cocktail). For lysis, Triton X-100 was added to a final concen-
tration of 0.25% (1:40 from 10% stock solution), and cells were incubated on ice
for 3 min with occasional vortexing. This was the whole cell extract (W). A 100 µl
EBXS (EB + 0.25% Triton X-100 + 30% sucrose) cushion was prepared in a sep-
arate microcentrifuge tube. 100 µl of whole cell extract was laid on the EBX-S
cushion and centrifuged (12000 rpm, 10 min). This yielded a white chromatin
pellet, a clear sucrose layer, and a yellow supernatant fraction on top. Some of
the supernatant (S) was saved to probe for soluble proteins. The remaining super-
natant and sucrose buffer were aspirated. The chromatin pellet was resuspended
in 100 µl EBX (EB + 0.25% Triton X-100), centrifuged (10000 rpm, 5 min), su-
pernatant aspirated, and resuspended again in 100 µl EBX containing benzonase
nuclease (1:1000) to yield the final chromatin pellet fraction (P). One quarter vol-
ume of 4x SDS sample buffer was added to each of the fractions before boiling
(95°C, 5 min) for resolution by SDS-PAGE.
2.9 Chromosome
semi-spreads
2 ml of culture was harvested (14000 rpm, 1 min), resuspended in 1 ml S1 (100 mM
potassium phosphate buffer, pH 7.4; 0.5 mM MgCl2; 1.2 M sorbitol), and kept
on ice until all samples from the course of the experiment were harvested. For
spheroplastation, cells were centrifuged (14000 rpm, 1 min) and resuspended in
200 µl S2 (S1 + per ml, 20 µl 1 M DTT and 14 µl 10 mg/ml zymolase T-100). The
suspension was incubated in a 37°C water bath for 20 min. 1 ml of ice-cold S3
(0.1 M 2-(N-morpholino)ethanesulfonic acid; 1 mM EDTA; 0.5 mM MgCl2; 1 M
sorbitol, pH 6.4) was added. Spheroplasts was centrifuged (4000 rpm, 2 min), re-
suspended in 200 µl S3, and kept at 4°C until spreading, typically overnight. For
spreading, 12 well multitest slides (MP Biomedicals, #6041205E) were washed
with acid (1 M HCl, 60°C, 1 hour, then cooled to room temperature overnight),
ethanol and polished with lens tissue. In a fume hood, the following were pipet-
ted one after another onto each well used: 1 µl cell suspension; 2 µl fixative (4%
paraformaldehyde, dissolved in water at 60–80°C; 3.4% sucrose; per ml, 1 µl
0.2 M NaOH); 4 µl 1% lipsol in water; 4 µl fixative. The drop was gently dis-
tributed onto the well using a pipette tip, avoiding contact with the glass. Slides
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were dried overnight at room temperature in a fume hood. For immunostaining,
slides were placed in PBS for 10 min, room temperature. 50 µl of blocking buffer
(1% BSA in PBS) was pipetted onto each well, and placed in a humid chamber for
1 hour at 25°C. The blocking buffer was aspirated and 50 µl of primary antibody
in blocking buffer was added to each well (e.g. rat anti-HA 3F10, 1:500), and in-
cubated in a humid chamber for 2 hours at 25°C. The wells were rinsed 3 times
with PBS before adding 50 µl secondary antibody diluted in blocking buffer (e.g.
AlexaFluor 594 anti-rat, 1:1000) to each well. The slide was incubated in a dark-
ened humid chamber for 2 hours at 25°C. Wells were again rinsed three times
with PBS and then three times with water. DNA was then stained with 50 µl of
a 100 µg/ml solution of DAPI in water pipetted onto each well, and incubated
in the darkened humid chamber, 30 min, 25°C. Wells were rinsed 3 times with
water and aspirated. Residual water was aspirated without touching the glass of
the slide. 5 µl of antifade (SlowFade Diamond, Life Technologies) was pipetted
onto each well. An acid washed coverslip (24 x 60 mm high precision, no. 1.5H,
CellPath Ltd, SAN-2460-03A) was lowered onto the antifade mounting medium,
and sealed with Valap (equal parts vaseline, lanolin & paraffin). The slide was
stored in the dark at –20°C until imaging.
2.10 Immunoﬂuorescence
For fixation, 2 ml of culture (OD > 0.2) was centrifuged and resuspended in 1 ml
of ice cold IF1 (100 mM potassium phosphate buffer, pH 6.4; 0.5 mM MgCl2) +
3.7% formaldehyde. Cells were fixed overnight at 4°C, centrifuged and washed
once in 1 ml of cold IF1, and then in 1 ml of IF2 (100 mM potassium phosphate
buffer, pH 7.4; 0.5 mM MgCl2; 1.2 M sorbitol). Cells were resuspended in 200 µl
of spheroplasting buffer (IF2 containing per ml, 2 µl -mercaptoethanol + 2 µl
of 20 mg/ml zymolase T-100), and incubated in a 30°C water bath for 20–40
min and monitored visually under a light microscope. The spheroplasts were
centrifuged (4000 rpm, 2 min), washed in 500 µl spheroplasting buffer without
additions, and resuspended in 200 µl of the same buffer. Cells were stored at
4°C until immunostaining. A 15 well multitest slide was used for staining. 5 µl of
0.1% polylysine was pipetted onto each well and the slide left in a humid chamber
for 5 min. The slide was then washed under flowing distilled water briefly and
dried by aspirating the remaining drops. All further incubations were carried
out in a humid chamber. 5-10 µl of cell suspension was pipetted onto the wells
and left to adhere for 5 min. Drops of suspension were aspirated. The slide was
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plunged into methanol cooled to –20°C, left in methanol for 3 min, then trans-
ferred to acetone cooled to –20°C for 10 sec. The slide was then retrieved from
the acetone and quickly warmed up on the bench top to evaporate the remaining
acetone. The slide was then placed back in the humid chamber and 10 µl block-
ing buffer (1% BSA in PBS) was added to each well. The slide was blocked for
20–60 min in the humid chamber at 25°C. Blocking buffer was then aspirated
and 5 µl of primary antibody diluted in blocking buffer added to each well (e.g.
1:1000 mouse anti–-tubulin TAT-1, 1:1000 mouse anti-Pk) and incubated for
1 hour, 25°C. Wells were washed three times with blocking buffer. 5 µl of sec-
ondary antibody diluted in blocking buffer was added to each well (e.g. 1:1000
Alexa514–anti-mouse) and incubated in the dark for 1 hour, 25°C. Wells were
rinsed again 3 times with blocking buffer. The remaining blocking buffer was
aspirated, and DNA was stained with DAPI (5 µl of 0.1 µg/ml DAPI in water, 30
min, 25°C, dark). Finally, wells were rinsed 3 times with blocking buffer. The
residual buffer was aspirated, 1 µl Vectashield pipetted onto each well, and the
slide covered with a cover slip and sealed with Valap. Slides were stored in the
dark at –20°C until imaging.
2.11 Microscopy
and
image
analysis
For fluorescent microscopy, Menzel-Gläser superfrost slides (#AG00008032E)
were washed with acid (1 M HCl, 60°C, 1 hour, then cooled to room tempera-
ture overnight), then 70% ethanol and polished with lens tissue. Zeiss High Per-
formance coverslips no. 1.5 (D = 0.17 mm; #474030-9000-000) were similarly
washed in acid and ethanol before use. Slides were sealed with Valap.
2.11.1 Conventional
wideﬁeld
Conventional imagine was performed on a Deltavision Elite widefield system
with broad-spectrum mercury arc illumination. Filters used for imaging were:
DAPI – excitation 390/18, emission 457/50; YFP/Alexa514 – excitation 500/20,
emission 535/30. Where necessary, deconvolution was applied in softWoRx us-
ing the conservative ratio method with medium noise filtering, and an experi-
mentally determined point spread function (PSF). To improve the appearance
of brightfield images, an FFT bandpass filter was applied in ImageJ (Schneider
et al., 2012) with default parameters [3, 40] pixels ± 5%.
49
2.11.2 OMX:
3D structured
illumination
Structured illumination microscopy was performed on an API OMX v3 micro-
scope with the live filter set: DAPI – excitation 405 nm, emission 465-500 nm;
YFP/AF514 – excitation 514 nm, emission 525-575 nm; mCherry/AF594 – exci-
tation 592.5 nm, emission 602-656 nm. For images not acquired in structured
illumination mode, deconvolution was applied in softWoRx using the conserva-
tive ratio method with medium noise filtering, and an experimentally determined
PSF. For images acquired in structured illumination mode, default reconstruc-
tion parameters were used. For multichannel images, registration parameters
for aligning the different channels were determined empirically using a 10 nm–
spacing grid slide and Tetraspeck beads. Image exposure time was typically un-
der 50 ms, and laser excitation power 1%-10%.
Genetically
encoded
labels
For genetically encoded fluorescent labels such as Net1-mCitrine (rDNA) and
Htb2-mCitrine (histones), cells were fixed by addition of 3.6% formaldehyde di-
rectly to the liquid culture (1:10 by volume from 36% stock solution of EM grade
formaldehyde, TAAB, #F003). After incubation on a roller for 10 min at room
temperature, the cells were centrifuged (3000 rpm, 5 min, 4°C), washed 3 times
with cold TBS (50 mM Tris, pH 8.0; 150 mM NaCl), rehydrated overnight in 1 ml
TBS at 4°C, resuspended in 50-100 µl TBS, and then in a similar volume of Slow-
Fade diamond mounting medium (Life Technologies) prior to slide preparation.
DAPI
For DAPI staining, cells were fixed similarly by addition of 3.6% formaldehyde
directly to the liquid culture (1:10 by volume from 36% stock solution of EM grade
formaldehyde, TAAB, #F003). After incubation on a roller for 10 min at room
temperature, the cells were centrifuged (3000 rpm, 5 min, 4°C) and washed 3
times with cold PBS, pH 7.4. Cells were then permeabilised by addition of –20°C
cold 70% ethanol, incubated on ice for 10 min, washed 3 times with ice cold PBS,
and rehydrated overnight in 1 ml PBS at 4°C. Prior to imaging, cells were stained
by addition of 0.1 µg/ml DAPI, incubated 10 min at 25°C, washed 3 times in PBS,
resuspended in 50-100 µl PBS, and then in a similar volume of mounting medium
(90% glycerol containing 2% n-propyl gallate) prior to slide preparation.
50
2.11.3 Volume
quantiﬁcation
For volume measurements, brightfield-guided manual cells outlines were saved
as ROIs in ImageJ. Thresholds for fluorescent images and rDNA/DNA volumes
were computed using the following macro:
// Measuring net1-mCitrine thresholded volume
// thresholds calculated from stack
setBatchMode(true);
macro ”rDNAVolume” {
workingDir = getDirectory(”Select directory with images/ROIs”);
print(”\\Clear”);
print(workingDir);
fileList = getFileList(workingDir);
for (i=0; i<fileList.length; i++) {
if (endsWith(fileList[i], ”.ROIs.zip”)) {
baseName = substring(fileList[i],0,indexOf(fileList[i],”.ROIs.zip”));
roiManager(”Reset”);
roiManager(”Open”, workingDir+fileList[i]);
roiManager(”Show all”);
nROIs = roiManager(”Count”);
for (j=0; j<nROIs; j++) {
pixelCount = 0;
// Open file and calculate volume
run(”Bio-Formats Windowless Importer”, ”open=”+workingDir+baseName+”_D3D.
dv”);
getVoxelSize(voxW, voxH, voxD, voxUnit);
roiManager(”Select”, j);
run(”Clear Outside”, ”stack”);
setAutoThreshold(”Default dark stack”);
run(”Convert to Mask”, ”method=Default background=Dark black”);
run(”Clear Results”);
run(”Set Measurements...”, ”area min integrated stack redirect=None
decimal=3”);
roiManager(”Select”, j);
for (k=1; k<=nSlices; k++) {
setSlice(k);
run(”Measure”);
pixelCount += getResult(”RawIntDen”,k-1);
}
pixelCount /= 255;
print(baseName+”-”+j+1+”\t”+getResult(”Area”)+”\t”+pixelCount+”\t”+
pixelCount*voxW*voxH*voxD);
close();
}
}
}
}
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3 Results
I:
A Budding
Yeast
G2
Arrest
In contrast to well-established methods for synchronising budding yeast cells in
the G1 and M phases of the cell cycle (Manukyan et al., 2011), there is no gener-
ally accepted equivalent for the G2 phase of the cell cycle. Since the chromosome
condensation assays I use (detailed in the following chapters) rely on volume
measurements, its was necessary to develop a robust means of arresting bud-
ding yeast cells in G2, in order to compare the condensation status of replicated
interphase chromatin with mitotic chromosomes.
A pre-mitotic ‘morphogenesis checkpoint’ in budding yeast operates in response
to perturbations of cell polarity that interfere with bud formation (Lew and Reed,
1995), such as Latranculin A–induced depolarisation of the actin cytoskeleton,
and depends on the Swe1 kinase (McMillan et al., 1998). However, although
called a checkpoint, the cellular response under such polarity perturbations is
in the nature of a delay in cell cycle progression, rather than a stable arrest (Lew
and Reed, 1995).
In the fission yeast Schizosaccharomyces pombe, the cdc25-22 temperature sen-
sitive mutant (Nurse and Thuriaux, 1980) is widely used to arrest cells in G2.
Cdc25 is a phosphatase the promotes mitotic entry by removing an inhibitory
Tyr15 phosphorylation on CDK1/Cdc2 (Gould and Nurse, 1989). The counteract-
ing kinase, Wee1 (Nurse et al., 1976), is a homologue of the S. cerevisiae Swe1.
However, in budding yeast, inhibitory phosphorylation and dephosphorylation
of CDK1 are not required for cell cycle progression, and a deletion of the S. cere-
visiae Cdc25 homologue, Mih1, only produce a minor delay in mitotic entry (Pal
et al., 2008). I therefore wondered whether overexpression of the Swe1 kinase
(Booher et al., 1993) instead, might arrest budding yeast cells in G2 (schematic
representation, Figure 3.1).
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Figure 3.1 Swe1/Wee1
at
mitotic
entry. In S.
pombe, the phosphatase Cdc25 promotes
mitotic entry by removing an inhibitory Tyr15 phosphorylation on CDK1, which is counter-
acted by the kinase Wee1. In S.
cerevisiae, the analogous phosphorylation only delays cell
cycle progression and its removal is not required for mitotic entry.
3.1 Overexpression
of
Swe1
leads
to
inviability
To examine the effect of Swe1 overexpression, I introduced SWE1 with a Pk epi-
tope tag under galactose-inducible control of the GAL1 promoter (cloned as de-
scribed in section 2.4.1) as an additional copy at the ectopic LEU2 locus in wild
type budding yeast cells of the MATa and MAT mating types. These strains
were grown for two days at 25°C on rich YP solid media containing glucose, raffi-
nose, or raffinose + galactose as carbon source, corresponding to no, low or high
expression of ectopic Swe1, respectively. Swe1 overexpression, induced by galac-
tose, led to cell inviability, possibly indicative of a cell cycle arrest (Figure 3.2).
3.2 Overexpression
of
Swe1
leads
to
a
G2
arrest
In order to determine whether Swe1 overexpression produced a cell cycle arrest,
I assessed the results of Swe1 expression in time course experiments. In the rep-
resentative experiment described below, asynchronous cultures of MATa PGAL1–
SWE1-3Pk cells were grown in YPRaffinose, synchronised in the G1 phase of the
cell cycle by addition of  factor, and released into medium containing galac-
tose to induce expression of epitope-tagged Swe1 (Figure 3.3). Samples were har-
vested every 30 minutes for 4 hours, which provided sufficient time resolution,
for parallel flow cytometry, cytology, immunofluorescence and immunoblotting
analyses. For comparison, a portion of the G1-arrested culture was released into
YPRaffinose medium containing the spindle poison nocodazole, which induced
a metaphase arrest.
53
Glucose
Raffinose Raffinose + Galactose
MATa
PGAL1–SWE1-3Pk
MATa
wild type
MATα
PGAL1–SWE1-3Pk
MATα
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Figure 3.2 Overexpression
 of
 Swe1
 leads
 to
 cell
 inviability. Wild type, or Swe1-
overexpressing strains were grown on rich YP media containing the indicated carbon source
for 2 days at 25°C. The GAL1 promoter is repressed by glucose, uninduced by raﬃnose
and induced by galactose. Strains, clockwise
from
MATa
wild
type: K699, RT111, RT112,
K700.
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Figure 3.3 Experimental
scheme. Cells were synchronised in G1 with  factor, released
into a putative G2 (raﬃnose
+
galactose) or metaphase (raﬃnose
+
nocodazole) arrest, and
harvested at the indicated time points for parallel analyses. Strain: RT111.
3.2.1 Cell
cycle
progression
In order to assess cell cycle progression, DNA content was measured in fixed cells
by flow cytometry (as described in Section 2.6). The analysis showed that Swe1-
overexpressing cells arrest with 2C, i.e., replicated, DNA content (Figure 3.4),
indicating that Swe1 overexpression leads to either a G2 or mitotic arrest.
3.2.2 Cell
morphology
and
microtubule
organisation
S. cerevisiae cells exhibit characteristic morphological changes as they progress
through the cell cycle (Figure 3.5). Buds emerge in early/mid S phase, and grow
in a polarised/apical manner in the early budded phase through S/G2, switching
to isotropic bud growth in the late budded phase in M (Farkas et al., 1974; Lew
and Reed, 1993). Budding yeast cells also show distinct microtubule organisation
patterns through the cell cycle, the most striking of which is the organisation of
intranuclear mitotic spindles in M phase.
To distinguish between the possibilities of a G2 or mitotic arrest produced by
Swe1 overexpression, I examined the morphology of cells overexpressing Swe1.
Brightfield microscopy of cells fixed at 30-minute intervals (Figure 3.6) showed
that buds continued to progressively elongate, supporting the notion that under
these conditions, cells failed to switch from polarised growth that occurs in S/G2
to isotropic growth that is a hallmark of mitosis, a switch that is triggered by the
activation of CDK1/Cdc28 by mitotic cyclins (Lew and Reed, 1993; Rancati and
Li, 2007). An examination of microtubule organisation in Swe1-overexpressing
cells by indirect immunofluorescence (as described in Section 2.10) showed that
the cells do not form long mitotic spindles, but organise microtubules into short
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Figure 3.4 Flow
cytometry. Histograms of cell count (y
axis, modal, arbitrary
units) vs.
DNA content (x
axis, FL2-H). G1-synchronised cells were released into conditions leading
to Swe1 overexpression (left) or a nocodazole induced metaphase arrest (right). Cells arrest
with 2C DNA content under both conditions. Swe1-overexpressing cells were harvested
every 30 minutes for characterisation, whereas the commonly used nocodazole/metaphase
arrest was used for comparing terminal arrest phenotypes.
Figure 3.5 Morphological
changes
and
microtubule
organisation
patterns
through
the
budding
yeast
cell
cycle. Reproduced
from Vjestica
and
Oliferenko (2012)
with
permission
from
Elsevier.
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pre-mitotic intranuclear spindles and interphase patterns in which astral micro-
tubules often extend into the interior of the elongating buds (Figure 3.6).
3.2.3 Cyclin
B levels
Clb2 is a mitotic B-type cyclin that promotes the G2/M transition by activating
CDK1/Cdc28, and which shows peak levels late in the cell cycle, about ten min-
utes before anaphase (Surana et al., 1991; Fitch et al., 1992; Richardson et al.,
1992; Mendenhall and Hodge, 1998). To probe the biochemical state of the cell
cycle machinery in a GAL-Swe1 arrest, I prepared whole cell protein extracts (as
described in Section 2.7.1) for western blotting. The immunoblot was probed for
Swe1-3Pk (anti-Pk), Cyclin B/Clb2 (anti-Clb2) and the loading control, -tubulin
(TAT-1). Detection with horseradish peroxidase (HRP)–conjugated secondary
antibodies showed that as the arrest progressed, Swe1 levels increased to an ex-
tent, driven by galactose induction; the mitotic Cyclin B/Clb2 only accumulated
to levels that were far lower than in nocodazole-arrested metaphase cells.
3.3 Conclusion
Taken together, the cytological and biochemical data show that Swe1 overexpres-
sion produces a G2, rather than mitotic, arrest. Cells exhibit all the hallmarks of
an inhibited G2/M transition, including a failure to switch to isotropic growth, ab-
sence of mitotic spindles, and low levels of the mitotic cyclin Clb2. Moreover, the
arrest is stable for at least 4 hours, far exceeding the typical time (~2.5 hours) for
which it is required in subsequent experiments. For a further characterisation of
this arrest, and to distinguish the G2 and M phases of budding yeast, it would be
interesting to examine endogenous levels of Swe1, as well as other mitotic mark-
ers such as Aurora B/Ipl1, Securin/Pds1 and Polo-like kinase/Plk1, in addition
to Cyclin B/Clb2.
57
30”
60”
90”
120”
G
A
L
–
S
w
e
1
-3
P
k
 i
n
d
u
c
ti
o
n
, 
m
in
u
te
s
Brightfield DNA/DAPI Anti α-tubulin/AF514
(a) Swe1 overexpression, t = 30, 60, 90, 120 min; continued
overleaf.
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(b) Swe1 overexpression, t = 150, 180, 210, 240 min.
Figure 3.6 Swe1
 overexpression: cell
 morphology
 and
 microtubule
 organisation.
Swe1 overexpression results in cell growth with progressively elongating buds, indicating a
failure of the switch from polarised to isotropic growth, which typically occurs at the G2/M
transition. The brightﬁeld images (left
column) are single planes, contrast-enhanced with
a bandpass FFT ﬁlter in ImageJ with default parameters (Section 2.11.1). Cells overex-
pressing Swe1 also do not form long mitotic spindles, but instead possess short intranu-
clear spindles (Winey and O’Toole, 2001) and astral microtubules that explore the interior of
the elongating buds. The indirect immunoﬂuorescence images (centre
and
right
columns)
are average-intensity projections of 3 planes x 0.5m images of ﬁxed cells stained with
the DNA-intercalating dye DAPI and mouse anti–-tubulin/Alexa514–anti-mouse antibod-
ies. Scale bars represent 5m.
59
asynchronous G1 M30 60 90 120 150 180 210 240
GAL-Swe1 induction, minutes
ectopic Swe1-3Pk
96.5 kD, anti-Pk
Clb2
56.2 kD, anti-Clb2
Tubulin
49.8 kD, TAT-1
Figure 3.7 Low
Cyclin
B/Clb2
levels. Cells in a GAL-Swe1 arrest show far lower levels
of the mitotic cyclin Clb2 than nocodazole-arrested mitotic cells (middle
row, rabbit
anti-
Clb2, 1:1000). For comparison, accumulating levels of ectopic Swe1-3Pk (top
row, mouse
anti-Pk, 1:5000) and constant levels of the tubulin loading control (bottom
row, mouse
anti–
-tubulin
TAT-1, 1:10000) are shown.
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4 Results
II:
Conditional
Alleles
of
Condensin
Since condensin is essential for cell viability, its effect on chromosome conden-
sation in living cells can only be dissected by conditional inactivation. Although
well characterised temperature-sensitive (ts) alleles of condensin subunits, such
as smc2-8 and smc4-1, have been isolated (Freeman et al., 2000), the tempera-
ture shift required for ts allele inactivation offers several obstacles to the accu-
rate determination of chromosome structure. First, temperature shifts alter the
diffusion and binding characteristics of nuclear proteins, and affect a number
of chromosomal processes, which may alter chromosome morphology indepen-
dent of any effects from condensin inactivation (Bancaud et al., 2009; Börner
et al., 2004; Chan et al., 2009; Lavoie et al., 2000). Second, the accompany-
ing heat shock produces a drastic global transcriptional response in yeast cells,
which is likely to affect chromosome structure (Gasch et al., 2000; Chen et al.,
2003). Finally, temperature shifts generate a high autofluorescent background
in cells, which is prohibitive for sensitive fluorescence microscopy measurements
(McIntyre et al., 2007). I therefore set out to generate novel conditional alleles of
the condensin SMC subunits that did not require temperature shifts, evaluating
initially the anchor-away technique (Haruki et al., 2008) and subsequently the
auxin inducible degron (Nishimura et al., 2009), as described below.
4.1 The
anchor-away
technique
The anchor-away technique (Haruki et al., 2008) is a means of depleting a cellu-
lar compartment of a target protein of interest by tethering it to a suitable anchor
protein in a ligand-dependent reaction. In the version of the technique used here,
the target is a nuclear protein (a condensin subunit) and the anchor is an abun-
dant protein that sweeps once through the nucleus (a ribosomal subunit protein).
The target–anchor tethering is achieved by exploiting the rapamycin-dependent
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heterodimerisation of FK506 binding protein (FKBP12) and the FKBP12 rapa-
mycin binding (FRB) domain of human mTOR (Belshaw et al., 1996; Chen et al.,
1995). By fusion of an FRB tag to the target, and FKBP12 to the anchor, the target
can be sequestered by the anchor in the presence of rapamycin (Figure 4.1).
nucleus
cytoplasm
anchor
– Rapamycin
FKBP12 tag
target
FRB tag ribosome
nucleus
cytoplasm
rapamycin
anchor–rapamycin–target
ternary complex
+ Rapamycin
Figure 4.1 The
anchor-away
 technique. The anchor-away technique conditionally de-
pletes the nucleus of the target protein. In the presence of rapamycin, a complex is formed
between an FKBP12-tagged anchor that sweeps once through the nucleus, and an FRB-
tagged target, eﬀectively sequestering the target protein in a ribosomal complex.
4.1.1 Condensin
depletion
leads
to
inviability
In order to deplete condensin by the anchor-away technique, C-terminal FRB
tags were appended to SMC2 or SMC4 at their genomic loci (Section 2.1) in an
anchor-away background strain. This strain contains a mutated TOR1 (tor1-1)
and deleted FPR1 (∆fpr1) gene, conferring rapamycin resistance and eliminating
competition between Fpr1 and the anchor-FKBP12 construct for binding to the
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FRB domain (Haruki et al., 2008; Heitman et al., 1991). In addition, the abun-
dant ribosomal subunit protein RPL13A is tagged with FKBP12 for use as an an-
chor. The strains were grown for two days at 25°C on solid rich YPD medium
in the absence or presence of rapamycin; FRB-tagged SMC2 and SMC4 subunits
conferred inviability in the presence of rapamycin, forming tight conditional al-
leles, termed smc2-aa and smc4-aa, respectively (Figure 4.2).
wild type aa background
tor1-1 ∆fpr1
smc4-aa
tor1-1 ∆fpr1 smc4-FRB
smc2-aa
tor1-1 ∆fpr1 smc2-FRB
Control +Rapamycin
Figure 4.2 Condensin
depletion
leads
to
inviability. The indicated strains were grown
for two days at 25°C on solid rich YPD medium containing either DMSO as control (left) or
1 µg/ml rapamycin (right). As rapamycin is toxic to wild type cells (top
left
quadrant, each
plate), all anchor-away strains use a tor1-1
∆fpr1 background, which confers rapamycin
resistance (top
 right
quadrant, each
plate). Under these conditions, depletion of Smc2
(smc2-aa) or Smc4 (smc4-aa) lead to cell inviability. Strains, clockwise
from
wild
type: K700,
CSL3793, SH184, SH110.
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4.2 The
auxin-inducible
degron
The auxin-inducible degron (aid) system is an adaptation of an auxin-dependent
protein degradation pathway from plants for use in other eukaryotes (Nishimura
et al., 2009). All eukaryotes possess multiple forms of the E3 ubiquitin ligase
SCF (Skp1, Cullin and F-box), in which the F-box protein confers substrate speci-
ficity. However, orthologues of the F-box protein Tir1, which binds to IAA/auxin
transcription repressors in the presence of auxin, are found only in plant species.
Therefore ectopic expression of Tir1, along with fusion of an aid tag (such as the
transcription repressor IAA17) to a target protein, is sufficient for transplanting
the auxin-dependent degron system into non-plant cells. In place of full-length
IAA17, a truncated version has been shown to be equally effective as an aid tag
(Kubota et al., 2013; Morawska and Ulrich, 2013). At a molecular level, auxin pro-
motes the interaction of the SCFTir1 complex with the aid-tagged target protein.
SCFTir1 then recruits an E2 ubiqitin conjugating enzyme that polyubiquitylates
the aid tag, resulting in rapid auxin-dependent degradation of the target protein,
whether it is nuclear or cytoplasmic (Nishimura et al., 2009).
Targetaid
auxin
Cul1
Skp1
Tir1
Rbx1
Targetaid
ub
proteasome
Target protein degradation
E2
Cul1
Skp1
Tir1
Rbx1
ub
ub
ub
ub
ub
Figure 4.3 The
auxin-inducible
degron. The auxin-inducible degron (aid) is a system for
rapid auxin-dependent degradation of target proteins in eukaryotic cells. On addition of
auxin, the E3 ubiquitin ligase SCFTir1 polyubiquitylates the aid tag via an E2 ubiquitin conju-
gating enzyme. This marks the target protein for degradation by the proteasome. Adapted
from Holland
et al. (2012).
4.2.1 Full-length
and
truncated
IAA17
condensin
tags
result
in
cell
viability
I generated conditional auxin-repressible alleles of the condensin SMC subunits
by fusing C-terminal aid tags to SMC2 and SMC4 at their genomic loci in an
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aid background strain. This strain expresses high levels of epitope-tagged Oryza
sativa Tir1, integrated at the ADE2 locus. To facilitate immunodetection, I added
epitope tags to the vectors for C-terminal aid tagging: a 9myc tag to full-length
Arabidopsis thaliana IAA17 (Section 2.4.2) and a 3Pk tag to the truncated ver-
sion of IAA17 called miniAID (Section 2.4.3). Since both full-length IAA17 (229
amino acids, ~25.3 kD) and miniAID (amino acids 65-132 of IAA17, ~7.5 kD)
were equally effective, as seen by cell inviability on auxin-containing media (Fig-
ure 4.4), the smaller miniAID tags were chosen for further experiments to min-
imise impairment of protein function. For brevity, the miniAID-tagged SMC2
and SMC4 alleles are termed smc2-aid and smc4-aid in all subsequent work.
4.2.2 Condensin
depletion
by aid is
rapid
To determine the kinetics of condensin depletion by aid, I performed a time-
course immunoblot analysis. Asynchronous cultures of smc2-aid and smc4-aid
strains were treated with 0.5 mM IAA/auxin, and whole cell protein extracts (Sec-
tion 2.7.1) were prepared for Western blotting from samples taken every 30 min-
utes for 2 hours. The immunoblot was probed for Smc2-3Pk-miniAID and Smc4-
3Pk-miniAID (mouse anti-Pk, 1:1000), with Tir1-9myc (mouse anti-myc, 1:1000)
used as a loading control, followed by detection with HRP-conjugated secondary
antibodies (HRP–anti-mouse, 1:5000). Quantification of normalised Smc2-3Pk-
miniAID and Smc4-3Pk-miniAID levels showed that protein depletion proceeded
rapidly on auxin addition, falling to below 20% of the starting value within 30
minutes, eventually becoming indistinguishable from background (Figure 4.5).
4.2.3 Condensin-aid is
subunit-speciﬁc
To determine whether degradation was specific to the aid-tagged subunit of con-
densin, I performed a further time-course immunoblot analysis of the smc4-aid
strain, in which the kleisin subunit Brn1 was additionally tagged with a 3HA epi-
tope tag. An asynchronous culture of smc4-aid BRN1-3HA cells was treated with
0.5 mM IAA/auxin, and samples taken at 0, 5, 10, 15, 30, 60, 90 and 120 minutes
after auxin addition. The immunoblot was probed for Smc4-3Pk-miniAID and
Tir1-9myc as in Section 4.2.2, with the addition of anti-HA antibody (1:5000) for
detection of Brn1-3HA. Quantification of normalised Smc4-3Pk-miniAID levels
demonstrated the rapid degradation of the aid-tagged Smc4 subunit, while Brn1
levels remained unaffected (Figure 4.6).
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wild type
aid
background
smc2-IAA17-
9myc
smc2-3Pk-
miniAID
smc4-IAA17-
9myc
smc4-3Pk-
miniAID
Control +Auxin
Figure 4.4 Condensin
depletion
by
full-length
or
truncated aid tags
leads
to
inviability.
The indicated strains were grown for two days on rich solid YPD medium containing either
methanol as control (left) or 1 mM IAA/auxin (right) Both the full-length IAA17 and shorter
miniAID tag were equally eﬀective, leading to auxin-dependent inviability when expressed
as Smc2 or Smc4 fusions. Strains, clockwise
 from
wild
 type: K699, CSL4267, RT145,
RT146, RT148, RT149.
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Figure 4.5 Condensin
 depletion
by aid is
 rapid. A time-course immunoblot analysis
shows rapid degradation of Smc2-3Pk-miniAID and Smc4-3Pk-miniAID. Asynchronous cul-
tures were treated with 0.5 mM IAA/auxin, and cells harvested at the indicated times. For
comparison, serial dilutions of the t = 0 time point (i.e., prior to auxin treatment) are shown,
as are Smc2-3Pk and Smc4-3Pk. The bottom row shows Pk/myc levels, normalised so
that the undiluted t = 0 time points are at 100.0. Strains: RT161, RT146, RT163, RT149.
OsTir1-9myc
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Figure 4.6 Auxin-induced
degradation
 is
speciﬁc
 to
 the aid-tagged
condensin
sub-
unit. Asynchronous cultures of an smc4-aid
BRN1-3HA strain were treated with 0.5 mM
IAA/auxin, and samples harvested at the indicated times. For comparison, serial dilutions
of the t = 0 time point (i.e., prior to auxin treatment) are shown, along with Smc4-3Pk. The
bottom row shows Pk/myc levels, normalised so that the undiluted t = 0 time point is at
100.0. The vertical dotted line shows the site of image splicing; identically-exposed lanes
were transposed from a single image of the entire membrane. Strains: RT163, RT155.
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4.3 Conclusion
Both the anchor-away technique and the auxin-inducible degron are effective
conditional depletion strategies for condensin SMC subunits; the aid alleles have
the added advantage that immunoblotting provides a convenient means of ver-
ifying the extent of depletion, independent of any phenotypic assessment of its
downstream effects.
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5 Results
III:
Chromosome
Condensation
in
Budding
Yeast
The direct visualisation of budding yeast chromosomes has been challenging due
to the small size of cells and chromosomes of this model organism. Consequently,
the condensation status of budding yeast chromosomes in intact cells has only
been assessed on subchromosomal regions by imaging of fluorescent LacI/TetR
repressor fusions bound to arrays of operator sequences integrated on a single
chromosome arm (Robinett et al., 1996; Vas et al., 2007). Alternatively the repet-
itive ribosomal DNA (rDNA) region has been visualised by fluorescence in situ
hybridisation (FISH) on spread preparations of chromosomes, a relatively harsh
treatment that preserves few details of chromosome structure (Freeman et al.,
2000; Lavoie et al., 2000). Moreover, chromosome condensation studies in bud-
ding yeast thus far have been largely semi-quantitative, employing arbitrary phe-
notypic categorisation and scoring approaches, although the fluorescent dot as-
say has recently been improved for quantitative use in budding and fission yeast
(Neurohr et al., 2011; Petrova et al., 2013). The advent of specialised superresolu-
tion structured illumination microscopy (SIM; Section 2.11.2; Gustafsson, 2000;
Gustafsson et al., 2008) has made a twofold improvement in axial resolution fea-
sible, revealing ultrastructural details of chromatin texture (Figure 5.1). Using
this imaging approach, I developed novel quantitative chromosome condensa-
tion assays, employing three-dimensional microscopy of total cellular chromatin
as well as the rDNA locus combined with custom-written ImageJ (Schneider
et al., 2012) routines for unbiased semi-automated volume measurements.
5.1 Metaphase
rDNA volume
is
condensin
dependent
The rDNA locus RDN1 is composed of 100–200 9.1 kB rDNA repeats spanning
a ~1–2 Mb region on the right arm of budding yeast chromosome XII, which is
the longest chromosome in the organism (Petes, 1979; Mortimer and Johnston,
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Conventional Structured Illumination
Htb2-YFP
Figure 5.1 Improved
chromosome
visualisation
with
SIM. Cells expressing ﬂuorescent-
tagged histone H2B (HTB2-YFP) were treated with nocodazole to induce a metaphase ar-
rest, and imaged on a conventional wideﬁeld Deltavision (left) or superresolution SIM OMX
microscope (right). The latter produces images with a twofold improvement in axial reso-
lution, making apparent some details of chromatin texture. Shown are maximum intensity
projections of 41 x 0.125 µm slices, imaging a total z depth of of 5 µm. Scale bars represent
2 µm. Strain: RT19.
1986). RDN1 has been identified as a major budding yeast condensin binding
site that may be subject to additional mitotic enrichment (Freeman et al., 2000;
Johzuka et al., 2006; Wang et al., 2005). To visualise the condensation status of
rDNA in intact cells and determine whether this depends on condensin, I tagged
the rDNA binding protein Net1 (Straight et al., 1999) with a yeast-optimised
monomeric YFP variant mCitrine (Griesbeck et al., 2001; Zacharias et al., 2002;
Sheff and Thorn, 2004), in aid background and smc4-aid strains. Cells of the
resulting strains were grown overnight in rich YPD medium, synchronised in
G1 by addition of  factor, and released into YPD containing the spindle poison
nocodazole to induce a metaphase arrest, in the presence of 1 mM IAA/auxin or
methanol as control (experimental scheme, Figure 5.2). Samples were harvested
at pre-synchronisation, G1, M–auxin and M+auxin time points for quantification of
rDNA volumes. Flow cytometry and immunoblotting were performed in paral-
lel as controls to verify cell cycle arrests, and Smc4 depletion, respectively. Flow
cytometry (Figure 5.3) showed the expected enrichment of 1C peaks in G1, and
2C peaks in M; condensin depletion did not affect cell cycle progression from G1
to M. The immunoblot showed the effective depletion of Smc4-3Pk-miniAID in
auxin treated smc4-aid samples relative to mock treatment (Figure 5.4).
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overnight asynchronous G1
M–auxin2h
+αf, 2 x 5 µg/ml
all steps, YPD, 25°C
M+auxin
+4 µg/ml noc
+1 mM IAA
M arrest ± auxin: control, smc4-aid
+4 µg/ml noc
+methanol
2h
filter
wash
release
+αf +αf
2h
2ht = 0t = –2h
t = 2h
Figure 5.2 Metaphase rDNA volume, experimental
scheme. Asynchronous cultures of
control and smc4-aid strains expressing Net1-mCitrine grown in rich YPD medium were
synchronised in G1 by addition of  factor and released into a nocodazole-induced meta-
phase arrest, in the presence or absence of IAA/auxin. Strains: RT174 (control), RT178
(smc4-aid).
asynchronous (t = –2h)
G1 (t = 0)
+α factor, 2 x 5 µg/ml
M–auxin (t = 2h)
+4 µg/ml nocodazole
M+auxin (t = 2h)
+4 µg/ml nocodazole
+1 mM IAA
control smc4-aid
Figure 5.3 Metaphase rDNA volume, ﬂow
cytometry. DNA content of asynchronous, G1
and M ± auxin samples was analysed by ﬂow cytometry (Section 2.6), showing the expected
enrichment of 1C peaks in G1 and 2C peaks in M. Cell cycle progression was not hindered
by condensin depletion between G1 and M (top
row, right
panel). Strains: RT174 (control),
RT178 (smc4-aid).
control smc4-aid
G1 M–auxin M+auxin G1 M–auxin M+auxin
Smc4-3Pk-(miniAID)
173.5 kD, anti-Pk
OsTir1-9myc
78.0 kD, anti-myc
Figure 5.4 Metaphase rDNA volume, immunoblotting. Immunoblots of whole cell protein
extracts (Section 2.7.1) of G1 and M ± auxin samples were probed for Smc4-3Pk-miniAID
(mouse anti-Pk, 1:1000) and the loading control Tir1-9myc (mouse anti-myc, 1:1000). De-
tection with HRP–anti-mouse secondary antibody (1:5000) showed the expected auxin-
induced degradation of Smc4-3Pk-miniAID (top
row, right
 lane). The vertical dotted line
shows the site of image splicing where identically-exposed lanes were transposed from a
single unsaturated image; exposure varies between proteins but not between lanes/strains
for a single protein. Strains: RT174 (control), RT178 (smc4-aid).
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5.1.1 Quantiﬁcation
of
rDNA volume
The Net1-mCitrine–expressing cells were subjected to mild fixation (3.6% form-
aldehyde, 10 minutes, room temperature) and imaged in conventional mode on
an Applied Precision OMX microscope using 514 nm laser excitation under condi-
tions that minimised photobleaching (Section 2.11.2). 15 slices at 0.25 µm spac-
ing (total depth, 3.5 µm) were acquired and deconvolved. The rDNA appeared
to be organised into a characteristic loop-like metaphase morphology (Freeman
et al., 2000; Lavoie et al., 2004) in control and mock-treated smc4-aid cells; the
loops were lost upon depletion of condensin by auxin treatment in the smc4-aid
strain (Figure 5.5).
For quantification of rDNA volumes, mother cells were manually outlined using
a brighfield image of the same field. Thresholds were computed in the 514 nm
channel for stacks of individual cells using the default ImageJ iterative isodata
method (Ridler and Calvard, 1978). For each slice, pixels above the computed
threshold were scaled to the appropriate voxel size, and summed to determine
the volume occupied by the Net1-mCitrine signal in three dimensions. The re-
sulting distributions (shown as box plots in Figure 5.6) were subjected to an ordi-
nary one-way ANOVA, with mean values compared using Tukey’s multiple com-
parison test. The analysis showed that the mean value of only the auxin-treated
smc4-aid sample was significantly different from the others (p < 0:01), indicat-
ing that the loss of metaphase rDNA loop organisation resulting from condensin
depletion corresponded to an increase in volume, reflecting decompaction.
5.1.2 Correlation
between
rDNA and
cell
volume
Since cells depleted of condensin seemed larger than equivalent control cells on
average (Figure 5.5, bottom right panels), I quantified the areas of mother cells
at their widest z position using the brightfield-guided cell outlines that were used
in Section 5.1.1. Indeed, this analysis showed that in metaphase, smc4-aid cells
treated with auxin were significantly larger than mock-treated smc4-aid cells, or
an auxin-treated control strain (Figure 5.7). This raised the question of whether
there might be a systematic correlation between rDNA volume and cell size. To
examine this, I scaled the measured cell areas to approximate volumes by as-
suming a circular geometry for the measured cell area, and a spherical geometry
for cell volume. For each sample condition, I calculated the Pearson linear cor-
relation coefficient r between cell volume and rDNA volume using the Matlab
72
Mc
o
n
tr
o
l
–auxin
Brightfield Net1-mCitrine
+auxin
Brightfield Net1-mCitrine
M
s
m
c
4
-
a
id
Figure 5.5 Metaphase rDNA volume, representative
images. Representative brightﬁeld
and ﬂuorescent images of Net1-mCitrine expressing strains in metaphase. Note the loss of
loop organisation in the smc4-aid strain treated with auxin. The ﬂuorescent images are max-
imum intensity projections of 15 x 0.25 µm deconvolved images of 3.5 µm z depth. Scale
bars represent 5 µm. Strains: RT174 (control), RT178 (smc4-aid).
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Figure 5.6 Metaphase rDNA volume, box
plot. Box-and-whisker plots of the distributions
of rDNA volume in metaphase arrested control and smc4-aid strains, with or without auxin.
The boxes span the 25-75 percentiles (the IQR) of the data, centred on the median; the
whiskers extend to 1.5 x IQR either side of the upper and lower quartiles, while dots denote
outliers thus deﬁned. Only the auxin-treated smc4-aid strain has a mean signiﬁcantly diﬀer-
ent from the others (p
<
0.01). The number of cells measured for each condition is denoted
by n. Strains: RT174 (control), RT178 (smc4-aid).
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corrcoef function. In all cases, r  0:7, corresponding to a coefficient of determi-
nation r2  0:5, which can be interpreted to mean that about half the statistical
variation in rDNA volume mirrors changes in cell volume.
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Figure 5.7Mother
cell
area, box
plot. Box-and-whisker plots of the distributions of mother
cells areas in metaphase arrested control and smc4-aid strains, with or without auxin. The
boxes span the 25-75 percentiles (the IQR) of the data, centred on the median; the whiskers
extend to 1.5 x IQR either side of the upper and lower quartiles, while dots denote outliers
thus deﬁned. Only the auxin-treated smc4-aid strain has a mean signiﬁcantly diﬀerent from
the others (p
<
0.01). The number of cells measured for each condition is denoted by n.
Strains: RT174 (control), RT178 (smc4-aid).
5.1.3 Conclusion
These results extend to intact yeast cells, the validity of previous findings that
used rDNA FISH on spread chromosome preparations in conjunction with tem-
perature sensitive alleles to show the condensin dependence of a characteristic
loop-like organisation of rDNA in metaphase (Freeman et al., 2000; Lavoie et al.,
2004). In addition, the quantification of rDNA volume in metaphase-arrested
control and smc4-aid cells described here shows that the loss of rDNA loop or-
ganisation on condensin depletion is associated with an increase in volume, sug-
gesting that the metaphase loop is a condensed chromatin state. As a technical
point, I note that this phenotypic effect is specific to the auxin-treated smc4-aid
sample; therefore auxin has no artifactual effects on the control strain, nor the
aid tag on Smc4 in the absence of auxin. Furthermore, statistical analysis uncov-
ered a partial correlation between cell volume and rDNA volume, and although
no causal direction can be directly inferred, there are a number of possible expla-
nations for the correlation. One possibility is that when decondensed, rDNA or
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Figure 5.8 Correlation
between
cell
and rDNA volume. Correlation coeﬃcients between
cell and rDNA volumes for control or smc4-aid strains, in the presence or absence of auxin.
The bottom right corner of each plot shows the linear Pearson correlation coeﬃcient r, the
coeﬃcient of determination r2 and the p-value p, which denotes the probability of getting
a correlation as large as the observed value by random chance, when the true correlation
is zero.
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chromatin more generally, could directly exert an outward force on the nuclear
envelope resulting in enlarged nuclei, as has been measured for enzymatically-
swelled or condensin-depleted chromatin in human cells (Mazumder et al., 2008;
George et al., 2014); alternatively, continued transcription from uncondensed
rDNA might allow unabated protein synthesis and cell growth in mitosis. On the
other hand, condensin depletion might cause cell enlargement by altering tran-
scription globally as has been proposed in the case of cohesin disruption (Sofueva
et al., 2013), creating a larger volume for the rDNA to expand into.
5.2 G2/M analysis
of
chromosome
condensation
To analyse the condensation status of chromatin in the G2 and M cell cycle phases,
I introduced ectopic PGAL1-SWE1 into control and smc4-aid strains expressing
fluorescent-tagged Net1 or histone H2B. This allowed the examination of rDNA
(Net1-mCitrine) or total histone-wrapped DNA (Htb2-mCitrine) volumes in gal-
actose inducible G2 or nocodazole inducible metaphase arrests (Figure 5.9).
overnight asynchronous G1
M
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2.5h
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M
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YPRaff4% +4 µg/ml noc
+1 mM IAA
G2/M arrest ± auxin: control/smc4-aid
YPRaff4% +4 µg/ml noc
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2.5h
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+αf +αf
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t = 2.5h
t = 0t = –2.5hall steps, 25°C
Figure 5.9 G2/M rDNA/chromatin
volumes, experimental
scheme. Asynchronous cul-
tures of aid control and smc4-aid strains expressing Net1-mCitrine or Htb2-mCitrine grown
in rich YPRaﬀ medium were synchronised in G1 by addition of  factor and released into a
galactose-induced G2 arrest or a nocodazole-induced metaphase arrest, in the presence
or absence of IAA/auxin. Strains: RT180, RT184, RT192, RT196.
5.2.1 rDNA Volume
NET1-mCitrine PGAL1-SWE1 cells were grown overnight in YPRaffinose, synchro-
nised in G1 by addition of  factor, and released into a G2 or metaphase arrest in
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the presence of 1 mM IAA/auxin or methanol as control (experimental scheme,
Figure 5.9). Samples were harvested at pre-synchronisation, G1, G2±auxin and
M±auxin time points for quantification of rDNA volumes. Flow cytometry and
immunoblotting were performed in parallel as controls to verify cell cycle ar-
rests, and Smc4 depletion, respectively. Flow cytometry (Figure 5.10) showed
the expected enrichment of 1C DNA peaks in G1, and 2C peaks in G2/M. Cell cy-
cle progression between G1 and G2/M was unperturbed by condensin depletion.
Immunoblotting (Figure 5.11) showed the expected degradation of Smc4-3Pk-
miniAID in auxin-treated G2 and M smc4-aid samples relative to mock treat-
ment, as well as the G2-specific galactose-induced expression of Swe1-3Pk.
asynchronous (t = –2.5h)
G1 (t = 0)
+α factor, 2 x 5 µg/ml
M–auxin (t = 2.5h)
+4 µg/ml nocodazole
+2% raffinose
M+auxin (t = 2.5h)
+4 µg/ml nocodazole
+2% raffinose +1 mM IAA
smc4-aid
G1+Gal (t = 2.5h)
+α factor, 2 x 5 µg/ml
+2% galactose (1h)
G2–auxin (t = 2.5h)
+2% galactose
G2+auxin (t = 2.5h)
+2% galactose
+1 mM IAA
control
Figure 5.10 G2/M rDNA volume, ﬂow
cytometry. DNA content of asynchronous, G1 ± Gal,
G2 ± auxin and M ± auxin samples was analysed by ﬂow cytometry (Section 2.6), showing
the expected enrichment of 1C peaks in G1 and 2C peaks in G2 and M. Cell cycle pro-
gression between G1 and G2/M was not hindered by condensin depletion. Strains: RT180
(control), RT184 (smc4-aid).
For rDNA volume quantification, 15 x 0.25 µm images of mock– or auxin–treated
smc4-aid samples were acquired and processed as in Section 5.1.1. As previously
described (Freeman et al., 2000; Lavoie et al., 2004), metaphase rDNA was or-
ganised into loops, whereas G2 rDNA had a cluster-like appearance (Figure 5.12).
In both these cell cycle phases, condensin depletion disrupted normal rDNA or-
ganisation, an effect that was qualitatively easier to discern in metaphase cells.
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Figure 5.11 G2/M rDNA volume, immunoblotting. Immunoblots of whole cell protein
extracts (Section 2.7.1) of G1, G2 ± auxin and M ± auxin samples were probed for Smc4-
3Pk-miniAID (mouse anti-Pk, 1:1000), GAL-Swe1-3Pk (mouse anti-Pk, 1:50000) and the
loading controls Tir1-9myc (mouse anti-myc, 1:1000) and -tubulin (mouse anti–-tubulin
TAT-1, 1:20000). Detection with HRP–anti-mouse secondary antibody (1:5000) showed the
expected auxin-induced degradation of Smc4-3Pk-miniAID (top
row), as well as expression
of GAL-Swe1-3Pk in G2 (second
row
from
top). Exposure varies between proteins but not
between lanes for a single protein. Strains: RT180 (control), RT184 (smc4-aid).
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However, quantification revealed that in both G2 and M, the observed morpho-
logical disruption of rDNA upon condensin depletion was accompanied by an in-
crease in measured rDNA volume, as shown by a statistically significant increase
in sample mean relative to the corresponding control (p < 0:01; Figure 5.13). In
addition, I note that there was no measurable change in rDNA compaction be-
tween G2 clusters and metaphase loops.
5.2.2 Histone
Volume
Similar to the experimental setup in Section 5.2.1, HTB2-mCitrine PGAL1-SWE1
control and smc4-aid cells were grown overnight in YPRaffinose, synchronised
in G1 by addition of  factor, and released into a G2 or metaphase arrest in
the presence of 1 mM IAA/auxin or methanol as control (experimental scheme,
Figure 5.9). Samples were harvested at pre-synchronisation, G1, G2±auxin and
M±auxin time points for quantification of whole cell histone-wrapped DNA vol-
umes. Flow cytometry and immunoblotting were performed in parallel as con-
trols to verify cell cycle arrests, and Smc4 depletion, respectively. Flow cytome-
try (Figure 5.14) showed the expected enrichment of 1C DNA peaks in G1, and 2C
peaks in G2/M. Cell cycle progression from G1 to G2/M was not hindered by con-
densin depletion. Immunoblotting (Figure 5.15) showed the expected degrada-
tion of Smc4-3Pk-miniAID in auxin-treated G2 and M smc4-aid samples relative
to mock-treated samples, as well as the G2-specific galactose-induced expression
of Swe1-3Pk.
For quantification of bulk chromosomal DNA volume, 33 x 0.125 µm images (to-
tal depth, 4 µm) of auxin-treated aid control and smc4-aid samples were acquired
in 3D-structured illumination microscopy (SIM) mode and processed as in Sec-
tion 5.1.1, but using Htb2-mCitrine labels instead of Net1-mCitrine. The im-
ages showed a relatively compact but morphologically distinct chromatin con-
figuration of the control strain in G2 and M, with loops of chromatin (presum-
ably rDNA) projecting out of the bulk of histone-demarcated DNA in metaphase
(Figure 5.16). This organisation was disrupted on condensin depletion in the
auxin-treated smc4-aid strain, where chromatin appeared somewhat puffier, al-
though quantification did not show a statistically significant difference in volume
(p < 0:01; Figure 5.17).
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G2
smc4-aid
–auxin
Brightfield Net1-mCitrine
+auxin
Brightfield Net1-mCitrine
M
Figure 5.12 G2/M rDNA volume, representative
images. Representative brightﬁeld and
ﬂuorescent images of smc4-aid
NET1-mCitrine cells in G2 or metaphase. Note the de-
compaction of rDNA in the auxin-treated samples (right
column), accompanied by a loss
of cluster-like organisation in G2, or loop-like organisation in metaphase. The ﬂuorescent
images are maximum intensity projections of 15 x 0.25 µm deconvolved images of 3.5 µm
z depth. Scale bars represent 5 µm. Strain: RT184.
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Figure 5.13 G2/M rDNA volume, box
plot. Box-and-whisker plots of the distributions of
rDNA volume in mock– or auxin–treated smc4-aid cells arrested in G2 or metaphase. The
boxes span the 25-75 percentiles (the IQR) of the data, centred on the median; the whiskers
extend to 1.5 x IQR either side of the upper and lower quartiles, while dots denote outliers.
The number of cells measured for each condition is denoted by n. Strain: RT184.
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asynchronous (t = –2.5h)
G1 (t = 0)
+α factor, 2 x 5 µg/ml
M–auxin (t = 2.5h)
+4 µg/ml nocodazole
+2% raffinose
M+auxin (t = 2.5h)
+4 µg/ml nocodazole
+2% raffinose +1 mM IAA
smc4-aid
G1+Gal (t = 2.5h)
+α factor, 2 x 5 µg/ml
+2% galactose (1h)
G2–auxin (t = 2.5h)
+2% galactose
G2+auxin (t = 2.5h)
+2% galactose
+1 mM IAA
control
Figure 5.14 G2/M bulk
chromatin
volume, ﬂow
cytometry. DNA content of asynchro-
nous, G1 ± Gal, G2 ± auxin and M ± auxin samples was analysed by ﬂow cytometry (Sec-
tion 2.6), showing the expected enrichment of 1C peaks in G1 and 2C peaks in G2 and M.
Cell cycle progression between G1 and G2/M was not hindered by condensin depletion.
Strains: RT192 (control), RT196 (smc4-aid).
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Smc4-3Pk-(miniAID)
173.5 kD, anti-Pk
OsTir1-9myc
78.0 kD, anti-myc
Tubulin
49.8 kD, TAT-1
GAL-Swe1-3Pk
96.5 kD, anti-Pk
smc4-aid
G1 G2–auxin G2+auxin M–auxin M+auxin
control
G1 G2–auxin G2+auxin M–auxin M+auxin
Figure 5.15 G2/M bulk
chromatin
volume, immunoblotting. Immunoblots of whole cell
protein extracts (Section 2.7.1) of G1, G2 ± auxin and M ± auxin samples were probed
for Smc4-3Pk-miniAID (mouse anti-Pk, 1:1000), GAL-Swe1-3Pk (mouse anti-Pk, 1:50000)
and the loading controls Tir1-9myc (mouse anti-myc, 1:1000) and -tubulin (mouse anti–
-tubulin TAT-1, 1:20000). Detection with HRP–anti-mouse secondary antibody (1:5000)
showed the expected auxin-induced degradation of Smc4-3Pk-miniAID (top
row), as well
as expression of GAL-Swe1-3Pk in G2 (second
row
from
top). Exposure varies between
proteins but not between lanes for a single protein. Strains: RT192 (control), RT196 (smc4-
aid).
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control, +auxin
Brightfield Net1-mCitrine
smc4-aid, +auxin
Brightfield Net1-mCitrine
G2
M
Figure 5.16 G2/Mbulk
chromatin
volume, representative
images. Representative bright-
ﬁeld and ﬂuorescent images Htb2-mCitrine–expressing control and smc4-aid cells in G2 or
metaphase. The ﬂuorescent images are maximum intensity projections of 33 x 0.125 µm
images of 4 µm z depth. Scale bars represent 5 µm. Strains: RT192 (control), RT196 (smc4-
aid).
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Figure 5.17 G2/M bulk
chromatin
volume, box
plot. Box-and-whisker plots of the dis-
tributions of bulk chromatin volume in G2– and metaphase–arrested control and smc4-aid
cells treated with auxin. The boxes span the 25-75 percentiles (the IQR) of the data, centred
on the median; the whiskers extend to 1.5 x IQR either side of the upper and lower quartiles.
The number of cells measured for each condition is denoted by n. Strains: RT192 (control),
RT196 (smc4-aid).
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5.2.3 Conclusion
These results recapitulate previous interphase and metaphase characterisations
of rDNA morphology from spread chromosome preparations (Freeman et al.,
2000; Lavoie et al., 2000), and extend them to intact cells. In G2 and M, con-
densin depletion results in an increase in rDNA volume, suggesting that con-
densin might keep rDNA in a condensed state in both these cell cycle phases.
In addition, the change in rDNA loop morphology from clusters in G2 to loops
in metaphase is not accompanied by a reduction in volume and is therefore not
a condensation reaction in the strictest sense but rather a reorganisation of chro-
matin, contrary to what has been assumed in previous reports. Although there is
little detectable condensation between G2 and M in budding yeast, as measured
by rDNA and histone volumes, condensin is required for maintaining the struc-
tural integrity of chromosomes in both interphase and mitosis. Indeed, more
measurable condensation in yeast may well occur in anaphase, when the rDNA
array has been reported to undergo hypercondensation (Sullivan et al., 2004).
In an analogous situation, human chromosomes also reach their maximal com-
paction in anaphase (Mora-Bermúdez et al., 2007). As presented here, volume
measurements of rDNA, which is a major condensin binding site in budding
yeast, constitute a sensitive assay for the condensation effects of condensin de-
pletion. The histone volume measurements are more difficult to interpret, but
given their unprecedented resolution, the associated images show the first hints
of visualisation of chromosome structure in budding yeast mitosis.
5.3 Cell
cycle
analysis
of
chromosome
condensation
Since the rDNA volume measurements in Section 5.2.1 did not show any de-
tectable condensation between G2 and metaphase, I further examined rDNA vol-
ume in various phases of the cell cycle, viz. late G1, S, G2, M and anaphase. As
shown in the experimental scheme (Figure 5.18), asynchronous cultures of NET1-
mCitrine smc4-aid strains growing in YPRaffinose were arrested in G1 by addi-
tion of  factor, and released into conditions that resulted in the following cell
cycle arrests:
• Late G1 (PGAL1-SIC1) – galactose-induced overexpression of a stabilised
form of the S-phase Cdk1 inhibitor Sic1 (T5G, T33A, S76A) blocks the G1/S
transition (Verma et al., 1997).
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• S phase (hydroxyurea) – hydroxyurea halts DNA replication by preventing
the expansion of nucleotide pools and arrests cells in early S phase (Slater,
1973; Koç et al., 2004).
• G2 (PGAL1-SWE1) – galactose-induced overexpression of the Cdk1 inhibitor
Swe1 arrests cells in G2 (Section 3.2; Booher et al., 1993).
• Metaphase (nocodazole): nocodazole induces the rapid disassembly of nu-
clear and cytoplasmic microtubules, activating the mitotic checkpoint, and
resulting in a metaphase arrest (Li and Murray, 1991; Hoyt et al., 1991).
• Anaphase (PGAL1-BFA1) – galactose-induced overexpression of Bfa1, a com-
ponent of the mitotic exit network, prevents degradation of the mitotic cy-
clin Clb2, resulting in an anaphase arrest without blocking chromosome
segregation (Li, 1999).
Once in the respective cell cycle arrests, cultures were treated with methanol as
control, or with auxin to deplete Smc4-3Pk-miniAID. Samples were harvested at
pre-synchronisation, G1, late G1±auxin, S±auxin, G2±auxin, M±auxin and Anaphase±auxin
time points for quantification of rDNA volumes. Flow cytometry and immunoblot-
ting were performed in parallel as controls to verify cell cycle arrests, and Smc4
depletion, respectively. Flow cytometry (Figure 5.19) showed the expected en-
richment of 1C DNA peaks in G1 ( factor), late G1 (PGAL1-SIC1) and S phase
(hydroxyurea), and 2C peaks in G2 (PGAL1-SWE1), metaphase (nocodazole) and
anaphase (PGAL1-BFA1). Cell cycle release from  factor was not hindered by
condensin depletion. Immunoblotting (Figure 5.20) showed the expected degra-
dation, relative to mock treatment, of Smc4-3Pk-miniAID in auxin-treated smc4-
aid samples from all cell cycle phases.
For rDNA volume quantification, 33 x 0.125 µm images of mock– or auxin–treated
smc4-aid samples were acquired and processed as in Section 5.1.1. Metaphase
rDNA was organised into loops, whereas interphase rDNA had a more diffuse
cluster-like appearance, and anaphase rDNA was organised into lines (Figure 5.21).
In all the cell cycle phases examined here, condensin depletion disrupted normal
rDNA organisation, an effect that was qualitatively easiest to discern in meta-
phase cells. However, quantification revealed that throughout the cell cycle, the
observed morphological disruption of rDNA upon condensin depletion was ac-
companied by an increase in measured rDNA volume, as shown by a statisti-
cally significant increase in sample mean relative to the corresponding control
(p < 0:01; Figure 5.22). In addition, I note that the rDNA was most compact in
G2 and metaphase, and least compact in an S phase arrest.
85
filter/wash/release
M–auxin (nocodazole)
YPRaff2%Gal2% +4 µg/ml noc
+methanol
M+auxin (nocodazole)
YPRaff2%Gal2% +4 µg/ml noc
+1 mM IAA
t = 3h
S–auxin (hydroxyurea)
YPRaff2%Gal2% +200 mM HU
+methanol
S+auxin (hydroxyurea)
YPRaff2%Gal2% +200 mM HU
+1 mM IAA
t = 2h
t = 1h
late G1–auxin
YPRaff2%Gal2%
+methanol
late G1+auxin
YPRaff2%Gal2%
+1 mM IAA
1h
1h
1h
1h
1h
asynchronous G1
3h
+αf, 2 x 5 µg/ml
+αf +αf
YPRaff2% YPRaff2%Gal2%
t = 0
+Gal2%
t = –1ht = –3h
smc4-aid P
GAL1
-SIC1
m
asynchronous G1
3h
+αf, 2 x 5 µg/ml
+αf +αf
YPRaff2% YPRaff2%Gal2%
t = 0
+Gal2%
t = –1ht = –3h
smc4-aid
asynchronous G1
3h
+αf, 2 x 5 µg/ml
+αf +αf
YPRaff2% YPRaff2%Gal2%
t = 0
+Gal2%
t = –1ht = –3h
smc4-aid P
GAL1
-SWE1
asynchronous G1
3h
+αf, 2 x 5 µg/ml
+αf +αf
YPRaff2% YPRaff2%Gal2%
t = 0
+Gal2%
t = –1ht = –3h all steps, 25°C
smc4-aid P
GAL1
-BFA1
2h
1h
1h
Y
P
R
a
ff
2
%
G
a
l2
%
+
2
0
0
 m
M
 H
U
Y
P
R
a
ff
2
%
G
a
l2
%
+
4
 µ
g
/m
l 
n
o
c
t = 3h
G2–auxin
YPRaff2%Gal2%
+methanol
G2+auxin
YPRaff2%Gal2%
+1 mM IAA
2h
1h
1h
Y
P
R
a
ff
2
%
G
a
l2
%
t = 3h
Anaphase–auxin
YPRaff2%Gal2%
+methanol
Anaphase+auxin
YPRaff2%Gal2%
+1 mM IAA
2h
1h
1h
Y
P
R
a
ff
2
%
G
a
l2
%
Figure 5.18 Cell
cycle
rDNA volumes, experimental
scheme. Asynchronous cultures
of smc4-aid strains expressing Net1-mCitrine grown in rich YPRaﬀ medium were synchro-
nised in G1 by addition of  factor and released into a late G1, S, G2, metaphase or ana-
phase arrest, in the presence or absence of IAA/auxin. Galactose was added to cultures 1
hour before release from G1 to induce expression from the PGAL1 promoter. Strains: RT272,
RT174, RT274, RT276.
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Figure 5.19 Cell
cycle
 rDNA volume, ﬂow
cytometry. DNA content of asynchronous,
G1 ± Gal, late G1 ± auxin, S ± auxin, G2 ± auxin, M ± auxin and anaphase ± auxin samples
was analysed by ﬂow cytometry (Section 2.6), showing the expected enrichment of 1C
peaks in G1, late G1 and S phase, and 2C peaks in G2, M and anaphase. Cell cycle release
from  factor was not hindered by condensin depletion. Strains: RT272, RT174, RT274,
RT276.
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Figure 5.20 Cell
cycle rDNA volume, immunoblotting. Immunoblots of whole cell pro-
tein extracts (Section 2.7.1) of late G1 ± auxin, S ± auxin, G2 ± auxin, M ± auxin and ana-
phase ± auxin samples were probed for Smc4-3Pk-miniAID (mouse anti-Pk, 1:1000), and
the loading controls Tir1-9myc (mouse anti-myc, 1:1000) and -tubulin (mouse anti–-
tubulin TAT-1, 1:20000). Detection with HRP–anti-mouse secondary antibody (1:5000)
showed the expected auxin-induced degradation of Smc4-3Pk-miniAID (top
row). Expo-
sure varies between proteins but not among lanes for a single protein. Strains: RT272,
RT174, RT274, RT276.
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Figure 5.21 Cell
cycle rDNA volume, representative
images. Representative brightﬁeld
and ﬂuorescent images of smc4-aid
NET1-mCitrine cells in late G1, S phase, G2, meta-
phase and anaphase. Note the decompaction of rDNA in the auxin-treated samples (right
column) in all cases. The ﬂuorescent images are maximum intensity projections of 33 x
0.125 µm deconvolved images of 4 µm z depth. Scale bars represent 5 µm. Strains: RT272,
RT174, RT274, RT276.
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Figure 5.22 Cell
cycle rDNA volume, box
plot. Box-and-whisker plots of the distributions
of rDNA volume in mock– or auxin–treated smc4-aid cells arrested in late G1, S phase, G2,
metaphase and anaphase. The boxes span the 25-75 percentiles (the IQR) of the data,
centred on the median; the whiskers extend to 1.5 x IQR either side of the upper and lower
quartiles, while dots denote outliers. Strains: RT272, RT174, RT274, RT276.
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5.3.1 Conclusion
These results recapitulate previous interphase and metaphase characterisations
of rDNA morphology from spread chromosome preparations (Freeman et al.,
2000; Lavoie et al., 2000), and extend them to intact cells. The fact that con-
densin could be depleted from chromatin in G1, S phase, G2, metaphase and
anaphase arrests, and the consequent increase in rDNA volume, suggests that
budding yeast chromosomes may be structurally similar throughout the cell cycle.
In addition, condensin might function to constrain a tendency of the rDNA array
to expand, offering a possible avenue of regulation of cell growth. Surprisingly,
these rDNA volume measurements reveal that the rDNA array is more compact
in metaphase than in anaphase, when Cdc14 plays a role in anaphase-specific
rDNA compaction, in what is commonly assumed to be a hypercondensation re-
action (Sullivan et al., 2004). However, it may still be the case that the rDNA
is at its most compact in early anaphase, when structural rigidity would be re-
quired for withstanding forces generated by the elongating spindle, and at which
time condensin has been reported to promote chromosome recoiling to remove
residual sister chromatid cohesion (Renshaw et al., 2010).
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6 Results
IV:
The
Condensin
ATPase
Domains
The contribution of the condensin ATPase to its function has remained a largely
unexplored area of study. While an analysis in chicken DT40 cells has outlined
the chromatin binding properties of Smc2 ATPase mutants to some extent, their
relation to condensation has been difficult to assess in this system (Hudson et al.,
2008). ATPase mutants of the condensin SMC subunits have hitherto not been
characterised in a genetically tractable eukaryote such as budding yeast. In this
chapter, I discuss the generation of such structure-based point mutations, as well
as their use to dissect the relation between the SMC catalytic cycle, the dynamic
binding of condensin to chromatin, and chromosome condensation.
6.1 ATPase
mutants
of
Smc2
and
Smc4
A crystal structure of the archaeal SMC protein from P. furiosus has been used
to identify point mutants deficient in particular aspects of the Pf SMC ATPase
cycle (Lammens et al., 2004). I constructed a ClustalW multiple alignment (Fig-
ure 6.1; Larkin et al., 2007) of archaeal, bacterial and eukaryotic SMC proteins to
identify the analogous amino acids in conserved nucleotide motifs of the budding
yeast condensin SMC subunits; these are listed in Table 6.1, along with their pre-
dicted functional impairment. In addition, I modelled the structure of the yeast
Smc2 and Smc4 head domains using Phyre2 (Figure 6.2; Kelley and Sternberg,
2009). The two highest confidence models (Pellegrino et al., 2012; Lammens
et al., 2004) were superposed, and demonstrated conservation of ATPase domain
organisation between Pf SMC and budding yeast Smc2 and Smc4. The indicated
mutants of SMC and SMC4 were cloned as described in Section 2.4.6, and inte-
grated at ectopic loci in smc2-aa and smc4-aid backgrounds, respectively.
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                :  :   .***:. .     :   ...: * *******: *:: :::*      :*   :. ::.     
Hs_Smc4 APRLMITHIVNQNFKSYAGEKILGPFHKRFSCIIGPNGSGKSNVIDSMLFVFGYR-AQKIRSKKLSVLIHNSDEH   225
Gg_Smc4 APRLMITHIVNQNFKSYAGEQTLGPFHKRFSCIIGPNGSGKSNVIDAMLFVFGYR-AQKIRSKKLSVLIHNSEEH   225
Dm_Smc4 GPRLIISKIVNRNFKSYAGEVELGPFHQSFTAIIGPNGSGKSNVIDSMMFVFGCR-ANRIRCKRVSTLIHSSSSY   225
Sc_Smc4 QSRLFINELVLENFKSYAGKQVVGPFHTSFSAVVGPNGSGKSNVIDSMLFVFGFR-ANKMRQDRLSDLIHKSEAF   225
Sc_Smc2 ---MKVEELIIDGFKSYATRTVITDWDPQFNAITGLNGSGKSNILDAICFVLGIASMSTVRASSLQDLIYKR-GQ   225
Sp_Smc2 ---MKIEELIIDGFKSYAVRTVISNWDDQFNAITGLNGSGKSNILDAICFVLGITNMSTVRAQNLQDLIYKR-GQ   225
Hs_Smc2 ---MHIKSIILEGFKSYAQRTEVNGFDPLFNAITGLNGSGKSNILDSICFLLGISNLSQVRASNLQDLVYKN-GQ   225
Gg_Smc2 ---MYIKSIVLEGFKSYAQRTEIRDFDPLFNAITGLNGSGKSNILDSICFLLGISNLSQVRASSLQDLVYKN-GQ   225
Dm_Smc2 ---MYVKKLVLDGFKSYGRRTEIEGFDPEFTAITGLNGSGKSNILDSICFVLGISNLQNVRASALQDLVYKN-GQ   225
Pf_SMC --MPYIEKLELKGFKSYGNKKVVIPFSKGFTAIVGANGSGKSNIGDAILFVLGGLSAKAMRASRISDLIFAGSKN   225
Bs_SMC ---MFLKRLDVIGFKSFAER-ISVDFVKGVTAVVGPNGSGKSNITDAIRWVLGEQSARSLRGGKMEDIIFAGSDS   225
   .......160.......170.......180.......190.......200.......210.......220.....
Walker A Arginine finger
             :  :***:::* ::::::::    * *: .:**::* **  :.  ..  :    . :**:::: :  :  ::
Hs_Smc4 KKIFNLSGGEKTLSSLALVFALHHYKPTPLYFMDEIDAALDFKNVSIVAFYIYEQTKNAQFIIISLRNNMFEISD  1425
Gg_Smc4 KKIFNLSGGEKTLSSLALVFALHHYKPTPLYFMDEIDAALDFKNVSIVAFYIYEQTKNAQFIIISLRNNMFEIAD  1425
Dm_Smc4 KYISNLSGGEKTLSSLALVFALHYYKPSPLYFMDEIDAALDFKNVSIVGHYIKERTKNAQFIIVSLRVNMFELAN  1425
Sc_Smc4 RNITNLSGGEKTLSSLALVFALHKYKPTPLYVMDEIDAALDFRNVSIVANYIKERTKNAQFIVISLRNNMFELAQ  1425
Sc_Smc2 ESLIELSGGQRSLIALSLIMALLQFRPAPMYILDEVDAALDLSHTQNIGHLIKTRFKGSQFIVVSLKEGMFANAN  1425
Sp_Smc2 DSLAELSGGQRSLVALALIMSLLKYKPAPMYILDEIDAALDLSHTQNIGRLIKTKFKGSQFIIVSLKEGMFTNAN  1425
Hs_Smc2 ENLTELSGGQRSLVALSLILSMLLFKPAPIYILDEVDAALDLSHTQNIGQMLRTHFTHSQFIVVSLKEGMFNNAN  1425
Gg_Smc2 ENLTELSGGQRSLAALSLILAILLFKPAPIYILDEVDAALDLSHTQNIGQMLHAHFKQSQFLVVSLKDGMFNNAN  1425
Dm_Smc2 ESLGELSGGQKSLVALSLVLAMLKFSPAPLYILDEVDAALDMSHTQNIGSMLKQHFTNSQFLIVSLKDGLFNHAN  1425
Pf_SMC KRIEAMSGGEKALTALAFVFAIQKFKPAPFYLFDEIDAHLDDANVKRVADLIKESSKESQFIVITLRDVMMANAD  1425
Bs_SMC QNLNLLSGGERALTAIALLFSILKVRPVPFCVLDEVEAALDEANVFRFAQYLKKYSSDTQFIVITHRKGTMEEAD  1425
   ......1360......1370......1380......1390......1400......1410......1420.....
C/signature Walker B
Figure 6.1 Multiple
alignment
of
SMC proteins. Archaeal and eukaryotic condensin SMC
proteins were aligned using ClustalW (Larkin et al., 2007). 75 amino acid long N- and C-
terminal fragments of the proteins, containing the Walker A & arginine ﬁnger, and signature
& Walker B motifs respectively, are shown. Residues mutated within these motifs are indi-
cated in bold lettering. Bar graphs below sequences denote the extent of sequence identity.
Hs
–
H.
sapiens; Gg
–
G.
gallus; Dm
–
D.
melanogaster; Sc
–
S.
cerevisiae; Sp
–
S.
pombe;
Pf
–
P.
furiosus; Bs
–
B.
subtilis.
Table 6.1 ATPase
mutants
of
Smc2
and
Smc4
Motif Function
disrupted Amino
acid
substitution
PfSMC Smc2 Smc4
Walker A ATP binding K39A K38A K191A
Arginine ﬁnger DNA-stimulated ATPase activity R59A R58A R210A/K*
C/signature ATP-induced head dimerisation S1070R S1085R S1324R
Walker B ATP hydrolysis E1098Q E1113Q E1352Q/D*
*R210K and E1352D are potentially subtler mutations than R210A and E1352Q.
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Walker B
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ATP
Figure 6.2 Structure
of
the
SMC ATPase
domain. Top
panel: crystal structure of the P.
furiosus ATPase domain, showing N- and C-terminal parts of the SMC head in purple and
dark green, respectively, along with the ATP in yellow, at 20 Å zoom (PDB: 1XEX; Lam-
mens et al., 2004). Middle
and
bottom
panels: structure of budding yeast Smc2 and Smc4
ATPase domains, as predicted by Phyre2 (Kelley and Sternberg, 2009). The two highest
conﬁdence models, full-length SMC-like RecN (PDB: 4AD8; Pellegrino et al., 2012, shown
in grey) and N- and C- terminal parts of the PfSMC head (PDB: 1XEX; Lammens et al.,
2004, chains shown in purple and dark green) are shown in superposition. The two models
are in generally good agreement with the PfSMC ATPase; the two possible conformations
of the arginine ﬁnger may indicate its conformational change on ATP binding.
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6.1.1 SMC ATPase
mutant
expression
Wild type or ATPase mutants of 3HA-tagged SMC2 were integrated at the ec-
topic URA3 locus in an smc2-aa background, and expressed in addition to SMC2
tagged with FRB at its genomic locus. Clones were picked for expression as close
as possible to endogenous levels of similarly tagged Smc2 (Figure 6.3).
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Figure 6.3 Smc2
mutant
expression. Immunoblots of whole cell protein extracts (Sec-
tion 2.7.1) of control strains SMC2-3HA and smc2-aa, as well as smc2-aa integrat-
ing the various SMC2 mutants, were probed for wild type/mutant Smc2-3HA (mouse
anti-HA, 1:10000), and loading controls -tubulin (mouse anti–-tubulin TAT-1, 1:10000)
and FKBP12 (rabbit anti-FKBP12, 1:1000). Fluorescent detection was performed with
IRDye800–anti-mouse and IRDye700–anti-rabbit antibodies (1:20000). Exposure varies be-
tween proteins but not between lanes for a single protein. Strains, left
to
right: CSL3660,
SH110, RT29, RT31, RT33, RT35, RT37.
Similarly, wild type or ATPase mutants of 3HA-tagged SMC4 were integrated at
the ectopic TRP1 locus in an smc4-aid background, and expressed in addition
to SMC4 tagged with 3Pk-miniAID at its genomic locus. Clones were picked for
expression as close as possible to endogenous levels of identically tagged Smc4
(Figure 6.4).
6.1.2 Rescue
of
conditional
inviability
To test the viability of ATPase mutants of SMC2, strains expressing them in an
smc2-aa background were grown for two days at 25°C on solid rich YPD medium
in the absence or presence of rapamycin, along with wild type, aa background
and smc2-aa strains as controls (Figure 6.5). Under these conditions (which
were earlier shown to lead to smc2-aa inviability in Figure 4.2), only the rescue
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Figure 6.4 Smc4
mutant
expression. Immunoblots of whole cell protein extracts (Sec-
tion 2.7.1) of control strains SMC4-3HA and smc4-aid, as well as smc4-aid integrating
the various SMC4 mutants, were probed for wild type/mutant Smc4-3HA (mouse anti-HA,
1:5000), and loading controls Tir1-9myc (mouse anti-myc, 1:1000) and -tubulin (mouse
anti–-tubulin TAT-1, 1:10000). Chemiluminiscent detection was performed with HRP–anti-
mouse antibody (1:5000). Vertical lanes were spliced from a single image to remove du-
plicate lanes; exposure varies between proteins but not between lanes for a single protein.
Strains, left
to
right: RT159, RT149, RT242, RT244, RT246, RT248, RT250a, RT252, RT254.
by wild type SMC2 was effective, indicating that all the tested ATPase mutants of
SMC2 were inviable.
I similarly tested the viability of ATPase mutants of SMC4 in an smc4-aid back-
ground by growth for two days at 25°C on YPD plates containing methanol as
control or 1 mM auxin (Figure 6.6). Under these conditions (which were ear-
lier shown to lead to smc4-aid inviability in Figure 4.4), only wild type SMC4
and the arginine finger mutants SMC4R210A & SMC4R210K were viable, although
SMC4R210A exhibited a slow growth phenotype.
6.2 Smc2
ATPase
activity
is
dispensable
for
association
with
Brn1
In order to determine whether the ATPase activity of condensin was required for
complex formation, I tested whether ATPase mutants of Smc2 could immunopre-
cipitate a different condensin subunit (the kleisin Brn1) from nuclease-treated
extracts of metaphase-arrested cells. BRN1 was tagged with a 3Pk epitope tag in
control strains, as well as smc2-aa strains expressing an additional copy of wild
type or mutant SMC2-3HA. Smc2-3HA was immunoprecipitated from whole cell
95
wild type
aa background
tor1-1 ∆fpr1
Control +Rapamycin
–
+WT
+K38A
ATP binding
+R58A
DNA-stimulated
ATPase
+S1085R
SMC head
engagement
+E1113Q
ATP hydrolysis
smc2-aa
Figure 6.5 Viability
of SMC2 ATPase
mutants. The indicated strains were grown for two
days at 25°C on solid rich YPD medium containing either DMSO as control (left) or 1 µg/ml
rapamycin (right). As rapamycin is toxic to wild type cells, all anchor-away strains use a
tor1-1
∆fpr1 background, which confers rapamycin resistance. Under these conditions,
only the wild type SMC2 rescued the rapamycin-induced inviability of smc2-aa. Strains,
clockwise
from
wild
type: K700, CSL3793, SH110, RT29, RT31, RT33, RT35, RT37.
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DNA-stimulated
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DNA-stimulated
ATPase+S1324R
SMC head
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+E1352Q
ATP hydrolysis
+E1352D
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–
Figure 6.6 Viability
of SMC4 ATPase
mutants. The indicated strains were grown for two
days at 25°C on solid rich YPD medium containing either methanol as control (left) or 1 mM
IAA/auxin (right). Under these conditions, wild type SMC4, as well as the arginine ﬁnger mu-
tants SMC4R210A and SMC4R210K, were eﬀective in conferring viability on smc4-aid. Strains,
clockwise
from
wild
type: K699, CSL4267, RT149, RT242, RT244, RT246, RT248, RT250a,
RT252, RT254.
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extracts using an agarose-immobilised rat anti-HA affinity matrix, and eluted by
boiling in SDS-PAGE sample buffer. The whole cell extract (W), the eluted im-
munoprecipitated fraction (IP) and flow-through of proteins not bound to the
matrix (FT) were resolved by SDS-PAGE and immunoblotted. The membrane
was probed for Smc2-3HA (mouse anti-HA, 1:10000), Brn1-3Pk (mouse anti-
Pk, 1:5000) and the loading control -tubulin (mouse anti–-tubulin, 1:10000).
Fluorescent detection with IRDye800–anti-mouse showed that all the ATPase
mutants of Smc2 could immunoprecipitate Brn1-3Pk. Since the extracts were
treated with benzonase, a potent nuclease, it is likely that the immunoprecipi-
tated Brn1-3Pk reflected a direct association with Smc2, rather than a non-specific
pull-down of chromatin-associated material. I therefore concluded that the ATP-
ase activity of Smc2 was not required for its association with Brn1 (Figure 6.7).
6.3 Altered
DNA-binding
properties
of
Smc4
ATPase
mutants
I examined the chromatin binding properties of Smc4 ATPase mutants by two
complementary approaches: immunoblotting of fractionated chromatin and im-
munofluorescence microscopy of semi-spread preparations of chromosomes. Asyn-
chronous cultures of smc4-aid cells expressing an additional copy of wild type or
mutant SMC4 tagged with 3HA were arrested in G1 by addition of  factor or in
metaphase by treatment with nocodazole, in the presence of auxin, along with
positive and negative controls (experimental scheme, Figure 6.8).
6.3.1 Co-pelleting
with
chromatin
To segregate chromatin-associated proteins from those not bound to chromatin,
the G1– and metaphase–arrested cells were lysed after digestion of the cell wall
and centrifuged through a sucrose cushion in the presence of the non-ionic deter-
gent Triton X-100 (Section 2.8; Liang and Stillman, 1997). This effectively sep-
arated the whole cell extract (W) into a Triton-insoluble chromatin pellet (P) en-
riched in DNA-bound proteins, and a supernatant fraction (S) containing soluble
proteins. The fractions were resolved by SDS-PAGE and following immunoblot-
ting, probed for epitope-tagged Smc4 (Figure 6.9). As pelleting controls, solu-
ble -tubulin and chromatin-associated Hmo1 demonstrated that the chromatin
fractionation was effective. While there were some indications that Smc4 ATP-
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G1
+auxin
+2 x 5 µg/ml α factor
+1 mM IAA
M
+auxin
+4 µg/ml nocodazole
+1 mM IAAall steps, YPD, 25°C
2h
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Figure 6.8 Smc4
ATPase
mutant
DNA binding
assays, experimental
scheme. Asynch-
ronous cells were arrested in G1 by addition of 2 x 5 µg/ml  factor, or in metaphase by
addition of 4 µg/ml nocodazole, in the presence of 1 mM IAA/auxin. Strains: RT159, RT149,
RT242, RT244, RT246, RT248, RT250a, RT252, RT254.
ase mutants pelleted less efficiently with chromatin than the wild type, these re-
sults were difficult to interpret, given the somewhat variable expression of the
mutants in whole cell extracts. Instead, the microscopic approach described in
Section 6.3.2 below proved more conclusive.
6.3.2 Immunoﬂuorescence
microscopy
To further characterise the chromatin binding properties of the Smc4 ATPase
mutants, I examined semi-spread preparations of chromosomes for Smc4 bind-
ing by indirect immunofluorescence (Section 2.9). Briefly, metaphase-arrested
fixed cells were spheroplasted and lysed on multi-well glass slides with the deter-
gent Lipsol. After washing away cellular debris, the adherent DNA was stained
with DAPI, and bound Smc4-3HA visualised with anti-HA antibody, in conjunc-
tion with an Alexa594-conjugated secondary antibody. The chromosome spreads
were imaged in structured illumination mode on an API OMX microscope us-
ing 592 nm and 405 nm laser excitation. Of all the Smc4 ATPase mutants, the
Walker A mutant Smc4K191A, predicted to be defective in ATP binding, showed
the least colocalisation with chromatin (Figure 6.10). Maximum intensity projec-
tions were used for quantification since the chromosome spreads were unlikely
to preserve much three-dimensional information. Wild type or mutant Smc4-
3HA/Alexa594 staining intensity was measured as the absolute signal intensity
in the 592 nm channel, using circles of 4.5 µm diameter drawn with the aid of
DAPI-stained masses in the 405 nm channel. Because the ATPase mutants of
Smc4 showed somewhat variable expression (Figure 6.11), I normalised the ab-
solute staining intensity measured on chromosome spreads against whole cell
expression of wild type or mutant Smc4 determined by Western blotting. As ex-
pected from the images of chromosome spreads, the quantification showed only
the ATP binding mutant Smc4K191A to be significantly impaired in chromatin as-
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sociation (Figure 6.12). These results showed that ATP binding, but not SMC
head engagement or ATP hydrolysis were required for the stable association of
condensin with chromatin.
6.4 Contribution
of
the
condensin
ATPase
to
chromosome
condensation
6.4.1 Smc2
ATPase
mutants: chromatin
volume
To determine whether Smc2 ATPase activity was required for chromosome con-
densation, I quantified DAPI-stained chromatin volumes (Section 2.11.2) in meta-
phase arrested smc2-aa cells expressing an additional copy of wild type or ATP-
ase mutant SMC2. Asynchronous cultures of the MAT cells were synchronised
in G1 by addition of a factor and released into a nocodazole-induced metaphase
arrest, in the presence of rapamycin (experimental scheme, Figure 6.13). Cells
were fixed under mild conditions (3.6% formaldehyde, 10 minutes, room temper-
ature), permeabilised and stained with DAPI. 33 slices x 0.125 µm (total depth,
4 µm) were acquired on an API OMX microscope in structured illumination mode
(Figure 6.14). Although decompaction in the absence of condensin was not read-
ily apparent from the images, quantification of chromatin volume revealed a
statistically significant decompaction in the rapamycin-treated smc2-aa sample
(p < 0:05; Figure 6.15). This condensation defect was rescued by expression
of wild type Smc2 or the arginine finger mutant Smc2R58A, but not Walker A
(Smc2K38A), C/signature motif (Smc2S1085R) or Walker B (Smc2E1113Q) mutants,
showing that the ATPase activity of Smc2 was essential for chromosome conden-
sation.
6.4.2 Smc4
ATPase
mutants: rDNA volume
To determine whether Smc4 ATPase activity was required for chromosome con-
densation, I quantified rDNA volumes (Section 2.11.2) in metaphase-arrested
smc4-aid cells expressing Net1-mCitrine, and an additional copy of wild type
or ATPase mutant SMC4. Asynchronous cultures of the MATa cells were syn-
chronised in G1 by addition of  factor and released into a nocodazole-induced
metaphase arrest, in the presence of 1 mM auxin/IAA (experimental scheme, Fig-
ure 6.16). Cells were subject to gentle fixation (3.6% formaldehyde, 10 minutes,
102
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Figure 6.10 Smc4
 ATPase
mutants, indirect
 immunoﬂuorescence
 of
 chromosome
spreads. Semi-spread preparations of metaphase chromosomes (Section 2.9) from the in-
dicated strains were stained with rat anti-HA/Alexa594–anti-rat antibodies to detect Smc4-
3HA, and the DNA-intercalating dye DAPI. The Walker A mutant Smc4K191A, predicted to be
defective in ATP binding, showed the least colocalisation with chromatin. Shown are maxi-
mum intensity projections of 17 x 0.125 µm images (total depth, 2 µm) acquired in structured
illumination mode on an API OMX microscope. Scale bars represent 5 µm. Strains, top
to
bottom: RT159, RT149, RT242, RT244, RT246, RT248, RT250a, RT252, RT254.
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Figure 6.11 Smc4
ATPase
mutants, western
blotting. Expression of wild type or mutant
Smc4 was examined in whole cell protein extracts (2.7.1) prepared in parallel with chromo-
some spreads. Immunoblots were probed for wild type/mutant Smc4-3HA (mouse anti-HA,
1:5000), and loading controls Tir1-9myc (mouse anti-myc, 1:1000) and -tubulin (mouse
anti–-tubulin TAT-1, 1:10000). Chemiluminiscent detection was performed with HRP–anti-
mouse antibody (1:5000). Exposure varies between proteins but not between lanes for a
single protein. Strains, left
to
right: RT159, RT149, RT242, RT244, RT246, RT248, RT250a,
RT252, RT254.
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Figure 6.12 Smc4
ATPase
mutants, quantiﬁcation
of
chromosome
speads. Left: Two
technical replicates of the absolute Smc4-3HA staining intensity in positive (SMC4-3HA)
and negative (smc4-aid) control strains showing the (low) extent of technical variation. Right:
Smc4-3HA staining intensity in smc4-aid strains expressing wild type or mutant Smc4, nor-
malised for expression in whole cell extracts. The ATP-binding mutant Smc4K191A, which is
expressed at normal levels in cell extracts, did not stably associate with chromatin. Strains:
RT159, RT149, RT242, RT244, RT246, RT248, RT250a, RT252, RT254.
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Figure 6.13 Chromosome
 condensation
 in
 Smc2
 ATPase
 mutants, experimental
scheme. Cultures were synchronised in G1 by addition of 2 x 0.02 µg/ml a factor, and
released into a metaphase arrest by addition of 5 µg/ml nocodazole, in the presence of
1 µg/ml rapamycin. Strains: RT65, SH110, RT67, RT69, RT71, RT73, RT75.
WT
K38A
ATP binding
smc2-aa  +SMC2
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E1113Q
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Figure 6.14 Chromosome
 condensation
 in
 Smc2
 ATPase
 mutants, DAPI staining.
Metaphase-arrested rapamycin-treated smc2-aa cells expressing wild type or ATPase mu-
tants of SMC2 stained with DAPI. Shown are maximum intensity projections of 33 x
0.125 µm (total depth, 4 µm) images acquired in structured illumination mode on an API
OMX microscope. Scale bars represent 5 µm. Strains, top
 left
 to
bottom
right: SH110,
RT67, RT69, RT71, RT73, RT75.
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Figure 6.15 Chromosome
condensation
in
Smc2
ATPase
mutants, DNA volume. Box-
and-whisker plots of the distributions of DAPI-stained chromatin volume in metaphase-
arrested rapamycin-treated control and smc2-aa strains, ectopically expressing wild type
or ATPase mutants of SMC2. The boxes span the 25-75 percentiles (the IQR) of the data,
centred on the median; the whiskers extend to 1.5 x IQR either side of the upper and lower
quartiles. Statistically signiﬁcant diﬀerences in mean values are indicated by asterisks (p
<
0.05). Strains, left
to
right: RT65, SH110, RT67, RT69, RT71, RT73, RT75.
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room temperature) and 33 slices x 0.125 µm (total depth, 4 µm) were acquired
on an API OMX microscope in conventional mode (Figure 6.17). As before, the
smc4-aid strain showed a loss of loop-like organisation of the rDNA in meta-
phase, compared to the positive control. Quantification of rDNA volume revealed
a statistically significant decompaction in the auxin-treated smc4-aid sample
(p < 0:01; Figure 6.18). This condensation defect was completely rescued by
expression of wild type Smc4 or the arginine finger mutant Smc4R210K, partially
by the arginine finger mutant Smc4R210A, but not by Walker A (Smc4K191A), C/sig-
nature motif (Smc4S1324R) or Walker B (Smc4E1352Q/D) mutants, showing that the
ATPase activity of Smc4 was essential for rDNA condensation.
overnight asynchronous G1
2h
+αf, 2 x 5 µg/ml
all steps, YPD, 25°C
M
2h
filter
wash
release
+αf +αf
2h
+noc, 4 µg/ml
±IAA, 1 mM
t = 0t = –2h t = 2h
Figure 6.16 Chromosome
 condensation
 in
 Smc4
 ATPase
 mutants, experimental
scheme. Cultures were synchronised in G1 by addition of 2 x 5 µg/ml  factor, and re-
leased into a metaphase arrest by addition of 4 µg/ml nocodazole, in the presence of 1 mM
IAA/auxin. Strains: RT280, RT178, RT280, RT284, RT286, RT288, RT290, RT292, RT294.
6.5 Conclusion
Taken together, the results described in this chapter show that the ATPase activ-
ity of condensin is crucial for its function. ATPase mutants of SMC2 and SMC4
predicted to be defective in ATP binding, SMC head engagement or ATP hydroly-
sis are inviable (Section 6.1.2). In the case of SMC2 but not SMC4, mutations in a
conserved arginine finger reaching into the nucleotide binding pocket, predicted
to abolish the DNA-stimulated ATPase activity of the SMC catalytic domain, are
inviable. The inviability of the SMC ATPase mutants is not due to altered levels
of the ectopically expressed proteins (Section 6.1.1), or defects in their incorpo-
ration into complexes (Section 6.2). Instead, the SMC ATPase mutants exhibit
altered DNA binding properties (Section 6.3), with the ATP binding mutant show-
ing impairment of chromatin association. The chromatin binding properties of
yeast Smc4 ATPase mutants characterised here are largely consistent with those
of analogous chicken Smc2 point mutants, where ATP binding but not hydrolysis
was reported to be essential for condensin localisation to chromosomes (Hudson
et al., 2008). In addition, chromatin binding properties of condensin appear to
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Figure 6.17 rDNA condensation
in
Smc4
ATPase
mutants, Net1-mCitrine. Metaphase-
arrested auxin-treated smc4-aid cells expressing wild type or ATPase mutants of SMC4 and
the rDNA label Net1-mCitrine. Shown are maximum intensity projections of 33 x 0.125 µm
(total depth, 4 µm) images acquired in conventional mode on an API OMX microscope. Note
the loss of metaphase rDNA loop organisation in the smc4-aid and ATPase mutant strains.
Scale bars represent 5 µm. Strains
(top
left
to
bottom
right): RT280, RT178, RT280, RT284,
RT286, RT288, RT290, RT292, RT294.
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Figure 6.18 Condensation
in
Smc4
ATPase
mutants, rDNA volume. Box-and-whisker
plots of the distributions of Net1-mCitrine–demarcated rDNA volume in metaphase-
arrested auxin-treated control and smc4-aid strains, ectopically expressing wild type or
ATPase mutants of SMC4 in addition to ﬂuorescent-tagged NET1. The boxes span the 25-
75 percentiles (the IQR) of the data, centred on the median; the whiskers extend to 1.5 x
IQR either side of the upper and lower quartiles. Statistically signiﬁcant diﬀerences in mean
values are indicated by asterisks (p
<
0.01); comparisons are to the positive control SMC4-
3HA. Strains
(left
to
right): RT280, RT178, RT280, RT284, RT286, RT288, RT290, RT292,
RT294.
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differ between G1 and metaphase, although the precise difference is difficult to
assess by chromatin co-pelleting. Finally, mutations in the Smc2 and Smc4 ATP-
ase domains compromise the formation of compact mitotic chromosomes (Sec-
tion 6.4.1 and 6.4.2). Interestingly, the novel arginine finger mutant Smc2R58A
generated for the present work is inviable despite lacking a statistically signifi-
cant condensation defect in metaphase, as assessed by DAPI-stained chromatin
volume (p < 0:05). This suggests that the mutant may be compromised in later
anaphase condensation of chromosomes or rDNA, with an attendant failure to
provide structural rigidity to segregating chromosomes, or defective in chromo-
some resolution during segregation, investigations of which are of great interest
for future experiments.
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7 Discussion
The chromosomal condensin complex is now recognised as the major molecu-
lar effector of cellular chromosome condensation (Hirano et al., 1997; Freeman
et al., 2000), and although details of the precise mechanism by which condensin
promotes chromosome condensation remain to be worked out, the present work
sheds some light on how the catalytic ATPase cycle at the SMC heads might be
coupled to the mechanical cycle of condensin–chromatin interactions.
7.1 The
condensin
ATPase
The results described in Chapter 6 show that the ATPase activity of condensin
is crucial for its function. In particular, ATP-binding, hydrolysis and SMC head
engagement are essential for cell viability. Mutations of the conserved arginine
finger reaching into the nucleotide binding pocket, interfering with DNA stimu-
lation of ATPase activity, are lethal when introduced in Smc2 but not Smc4; in
the latter case, arginine to alanine mutants show growth impairment compared
to the wild type or to the subtler arginine to lysine mutants. Interestingly, the
analogous arginine to alanine mutations of the cohesin Smc1 and Smc3 subunits
are both viable, and have been shown to slow down, but not abolish, the DNA
binding reaction (Lengronne et al., 2006). This suggests that careful regulation
of the ATPase activity of condensin may be required for its proper function.
The chromatin binding defects observed in SMC ATPase mutants are consistent
with a model in which ATP-induced conformational changes drive association
of the complex with chromatin (Figure 7.1). In such a model, as has been pro-
posed for P. furiosus Rad50 and SMC proteins, ATP binding to opposing Walker
A and signature motifs enables SMC head engagement, while ATP hydrolysis al-
lows their decoupling (Hopfner et al., 2000; Lammens et al., 2004). Thus ATP
binding to SMC heads could ensure the closure of a ring-like configuration of
condensin, the integrity of which has been shown to be necessary for its func-
tion, leading to stable association with chromatin (Section 6.3; Cuylen et al.,
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2011; Hudson et al., 2008). On the other hand, ATP hydrolysis may move the
SMC heads apart, allowing dissociation of the complex from chromatin. Indeed,
this may require a transient loss of an SMC–kleisin interaction, as had been ob-
served in E. coli MukBEF (Woo et al., 2009), to allow topological entry or exit
of DNA from the condensin ring. Mutations that impair ATP hydrolysis could
thus lock a subset of complexes in non-productive DNA linkages. Moreover, the
fact that all aspects of condensin ATPase activity are required for chromosome
condensation, along with the low intrinsic ATPase activity exhibited by SMC com-
plexes, suggest that repeated cycles of such ATP-driven conformational changes
may be necessary to compact chromatin (Section 6.4.1 & 6.4.2; Arumugam et al.,
2006). Direct measurements of the chromatin binding dynamics of condensin
ATPase mutants by approaches such as fluorescence recovery after photobleach-
ing (FRAP), as well as analyses of the conformations of their SMC heads by fluo-
rescence resonance energy transfer (FRET) or bimolecular fluorescence comple-
mentation (BiFC), are areas of great interest for forthcoming studies, and could
provide in vivo confirmation for such a model of ATP-induced conformational
changes driving chromosomal association of the condensin complex.
ATP binding
Walker A
head engagement
C/signature
ATP hydrolysis
Walker B
ATP
DNA
Figure 7.1 A model
 for
condensin–chromatin
association. Proposed model for con-
densin association with chromatin driven by ATP-induced conformational changes. ATP
binding allows engagement of the SMC heads and stable association with chromatin. Con-
versely, ATP hydrolysis leads to SMC head disengagement, allowing dissociation of con-
densin from chromatin. For simplicity, only the SMC proteins are shown.
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7.2 A model
for
mitotic
chromosome
condensation*
Condensin binds to specific sites along chromosomes, which likely involves the
topological entrapment of chromatin. Such condensin–chromatin interactions
could be translated into long-range chromosomal interactions that bring about
condensation in two different ways. One scenario involves the sequential en-
trapment of two chromatin strands by a single condensin ring. A second is the
dimerisation—or even multimerisation—of condensin complexes that have cap-
tured one strand of chromatin each (Figure 1.6). These two possibilities need
not, of course, be mutually exclusive. In order to understand chromosome con-
densation, it is necessary to not only address the mechanism by which condensin
associates with chromatin, but also to determine which pairs of DNA sequences
along a chromosome condensin brings together, and how this pairing pattern
changes as a function of cell cycle progression. Techniques such as chromosome
conformation capture and its variants (Dekker et al., 2002) should be instructive
in determining how condensin modulates intrachromosomal DNA interactions
to drive mitotic chromosome condensation.
A model in which condensin promotes chromosome condensation by providing a
meshwork of interactions between distant DNA sequences on the same chromo-
some is attractive for a number of reasons. Firstly, the biophysical properties of a
mitotic vertebrate chromosome, as measured by mechanical micromanipulation
studies, suggest that chromosomes are a composite network of DNA, crosslinked
by protein interactions (Poirier and Marko, 2002). In contrast to popular mod-
els, no evidence for a contiguous protein scaffold has been found in native chro-
mosomes. It should be emphasised that while a localised axis-like enrichment
of condensin has been observed in fixed chromosome preparations (Maeshima
and Laemmli, 2003; Hudson et al., 2008), the imaging of fluorescent-tagged con-
densin in live cells does not support the notion of such a scaffold (Hirota et al.,
2004; Gerlich et al., 2006).
A scaffold would not be required if a broad network of condensin-mediated in-
teractions between its binding sites compacts the chromosome. Recent struc-
tural studies of human mitotic chromosomes are also consistent with this mode
of condensin action. Cryo-electron microscopy (cryo-EM) and x-ray scattering
on close-to-native frozen chromosomes failed to find evidence for a hierarchical
*N.B. This section is based, in part, on the following self-authored review: Thadani R, Uhlmann
F, Heeger S (2012), Condensin, chromatin crossbarring and chromosome condensation, Curr
Biol 22(23): R1012.
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chromosome folding pattern of the kind portrayed in most molecular biology text-
books (Nishino et al., 2012). Instead of ordered structures, chromosomes appear
to consist of a ‘nucleosome melt’, and it is arguable that a network of DNA inter-
actions between condensin binding sites would be ideally suited to constrain the
expansion of such a melt. Evidence from three dimensional imaging of lac op-
erator arrays on metaphase chromosomes, in addition, shows that their folding
pattern is irregular between cells and even between sister chromatids, as would
be expected from a largely self-organising network of condensin binding site in-
teractions (Strukov and Belmont, 2009). The modulation, by mitotic regulators,
of the on– or off–rates of condensin at its binding sites, or of interactions between
condensin complexes, could shift the compaction equilibrium from a loose pack-
ing in interphase towards a more condensed state in mitosis (Figure 7.2A). A pre-
diction from this model is that interphase chromosome architecture might sim-
ilarly be governed by condensin. Indeed, condensin appears to be required for
constraining the expansion of rDNA in both interphase and mitosis, as its deple-
tion leads to an increase in rDNA volume in several cell cycle phases (Section 5.3).
Pictures of condensin in striking agreement with this model have been obtained
by EM tomography of reconstituted Xenopus chromosomes (Figure 7.2B; König
et al., 2007).
7.3 Future
Work
More work is required to determine details of condensin action, and the exact
nature of the interplay between its chromatin binding dynamics, and its vari-
ous biochemical activities and posttranslational modifications. Investigations of
the chromatin binding dynamics of condensin ATPase mutants, for instance by
FRAP, could provide a link between the catalytic cycle of ATP binding and hydrol-
ysis at the SMC heads on the one hand, and the mechanical cycle of condensin
binding to and dissociating from chromatin on the other. These assays could
be extended to condensin mutants defective in cell cycle modifications such as
phosphodeficient Smc4, along with chromosome condensation measurements,
to further link condensin dynamics and chromosome condensation to various
cell cycle modifications such as CDK1 phosphorylation. An in vitro characteri-
sation of the ATP binding and hydrolysis properties of the ATPase mutants of
Smc2 and Smc4 is also of great interest, and could be attempted with SMC heads
rather than holocomplexes in the first instance.
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Future investigations towards uncovering mechanisms of chromosome conden-
sation will, no doubt, lead to a better understanding of the fascinating problem of
how cells store, retrieve and transmit information using DNA molecules several
orders of magnitude longer than the spatial confines of a nucleus.
A
interphase
metaphase
condensin
DNA
B
[Third party copyrighted 
material removed]
Figure 7.2 A model
for
condensin
action. (A) Left: A meshwork of chromatin interactions
bridged by condensin. In this model, condensin constrains the expansion of a ‘nucleosome
melt’ by bridging distant DNA segments. The condensation reaction involves a change in
the dynamic binding of condensin complexes to chromatin or each other. Reproduced
with
permission
from Thadani
et al. (2012). (B) Right: Reconstruction of the DNA path and
condensin in reconstituted Xenopus chromosomes by EM tomography, showing condensin
enriched at sites of chromatin intersections. Figure
from König
et al. (2007)
copyrighted
by
Springer
removed.
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104, 105
RT250a MATa can1-100 his3-11,15 leu2-3,112 ura3-1 GAL [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100, 101,
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+]
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[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NET1-mCitrine–SkHIS3
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+]
ade2-1::OsTIR1-9myc–ADE2
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trp1-1::PSMC4–SMC4-3HA–TRP1
NET1-mCitrine–SkHIS3
108–110
RT284 MATa can1-100 his3-11,15 leu2-3,112 ura3-1 GAL [+]
ade2-1::OsTIR1-9myc–ADE2
SMC4-3Pk-miniAID–KAN
trp1-1::PSMC4–SMC4K191A-3HA–TRP1
NET1-mCitrine–SkHIS3
108–110
133
RT286 MATa can1-100 his3-11,15 leu2-3,112 ura3-1 GAL [+]
ade2-1::OsTIR1-9myc–ADE2
SMC4-3Pk-miniAID–KAN
trp1-1::PSMC4–SMC4R210A-3HA–TRP1
NET1-mCitrine–SkHIS3
108–110
RT288 MATa can1-100 his3-11,15 leu2-3,112 ura3-1 GAL [+]
ade2-1::OsTIR1-9myc–ADE2
SMC4-3Pk-miniAID–KAN
trp1-1::PSMC4–SMC4R210K-3HA–TRP1
NET1-mCitrine–SkHIS3
108–110
RT290 MATa can1-100 his3-11,15 leu2-3,112 ura3-1 GAL [+]
ade2-1::OsTIR1-9myc–ADE2
SMC4-3Pk-miniAID–KAN
trp1-1::PSMC4–SMC4S1324R-3HA–TRP1
NET1-mCitrine–SkHIS3
108–110
RT292 MATa can1-100 his3-11,15 leu2-3,112 ura3-1 GAL [+]
ade2-1::OsTIR1-9myc–ADE2
SMC4-3Pk-miniAID–KAN
trp1-1::PSMC4–SMC4E1352Q-3HA–TRP1
NET1-mCitrine–SkHIS3
108–110
RT294 MATa can1-100 his3-11,15 leu2-3,112 ura3-1 GAL [+]
ade2-1::OsTIR1-9myc–ADE2
SMC4-3Pk-miniAID–KAN
trp1-1::PSMC4–SMC4E1352D-3HA–TRP1
NET1-mCitrine–SkHIS3
108–110
SH110 MAT ade2-1 can1-100 his3-11,15 leu2-3,112 trp1-1
ura3-1 GAL [+] tor1-1 ∆fpr1::NAT
RPL13A-2FKBP12–TRP1 SMC2-FRB–KAN
37, 63,
94, 96,
99, 106,
107
SH184 MAT ade2-1 can1-100 his3-11,15 leu2-3,112 trp1-1
ura3-1 GAL [+] tor1-1 ∆fpr1::NAT
RPL13A-2FKBP12–TRP1 SMC4-FRB–KAN
37, 63
All strains are isogenic with W303. Letter prefixes denote strain source: CSL – lab col-
lection; K – Kim Nasmyth; RT – self-generated; SH – Sebastian Heeger.
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pAG8734 pFA6a–linker–SpHIS5 (Sheff and Thorn, 2004) 43
pCSL2 YIplac204 41
pCSL3 YIplac211 39
pCSL35 pUC19–3HA–KlTRP1 37
pCSL42 pUC19–3HA–KlURA3 37
pCSL43 pBS-SKII(-)–9myc 38
pCSL288 pFA6a–YFP–SpHIS5 37
pCSL520 YIplac128–PGAL1–3Pk 38
pCSL554 pUC19–3Pk–KlTRP1 37
pCSL563 pUC19–3Pk–KlLEU2 37
pCSL879 pFA6a–HIS3MX6 43
pES30578 pFA6a–FRB–kanMX6 (Haruki et al., 2008) 37
pMK43 pFA6a–IAA17–kanMX (Nishimura et al., 2009) 38, 39
pMK151 pFA6a–3miniAID–kanMX (Kubota et al., 2013) 39
pRT1 YIplac211–PSMC2–SMC2-3HA 39, 41,
42
pRT2 YIplac211–PSMC2–SMC2K38A-3HA 43
pRT3 YIplac211–PSMC2–SMC2R58A-3HA 43
pRT5 YIplac211–PSMC2–SMC2S1085R-3HA 43
pRT6 YIplac211–PSMC2–SMC2E1113Q-3HA 43
pRT8 YIplac204–PSMC4–SMC4-3HA 41, 42
pRT9 YIplac204–PSMC4–SMC4K191A-3HA 43
pRT10 YIplac204–PSMC4–SMC4R210A-3HA 43
pRT11 YIplac204–PSMC4–SMC4R210K-3HA 43
pRT12 YIplac204–PSMC4–SMC4S1324R-3HA 43
pRT13 YIplac204–PSMC4–SMC4E1352Q-3HA 43
pRT14 YIplac204–PSMC4–SMC4E1352D-3HA 43
pRT21 pFA6a–3Pk-miniAID–kanMX 37, 39
pRT22 pFA6a–yEmCitrine–SkHIS3 37, 43
pRT40 pFA6a–IAA17-9myc–kanMX 37, 39
pRT41 YIplac128–PGAL1–SWE1-3Pk 38
Letter prefixes denote plasmid source: pAG – Addgene; pCSL – lab collection; pES – Euroscarf;
pMK – Masato Kanemaki; pRT – self-generated.
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co132 GGGTCTTCAGGACGAGATTTCAAGATGGTACCTCCGTAGTTA
GTATAATGATCtccggttctgctgc
37
co133 TTGAAATATGATTACATTACAATATTTATTTGTCTTATGAAA
ACTAACCAGAcctcgaggccagaag
37
co134 ATAGAACCAAAAGTACCACGATTAAAAACATAGATATCTTAA
ACAGAACTATCtccggttctgctgc
37
co135 TAGCATGATATTACAATCAGCAAGTGCTCTTGAATTGATTAT
TGTACTAGGAcctcgaggccagaag
37
co311 ATGACTTGATAGTGAATTATGAGGATCTAGCGACAACACAGG
CAGCGTCAATCtccggttctgctgc
37
co312 GCGATAAAGGATTTCGTAAGCCCGAAGGCTTTAAGAAACTTT
GCAGCACAGAcctcgaggccagaag
37
oRT1 AGAAGCCAAGTGGTGGATTTGCATCATTAATAAAAGATTTCA
AGAAAAAAggtcgacggatccccggg
37
oRT2 TTTTTTTTACTAGCTTTCTGTGACGTGTATTCTACTGAGACT
TTCTGGTAatcgatgaattcgagctcg
37
oRT4 TTGAAATATGATTACATTACAATATTTATTTGTCTTATGAAA
ACTAACCAtgaattcgagctcgtttaaac
37
oRT6 TAGCATGATATTACAATCAGCAAGTGCTCTTGAATTGATTAT
TGTACTAGtgaattcgagctcgtttaaac
37
oRT11 TCTCCGAAGGTACTAGGGCTGTTACCAAATACTCCTCCTCTA
CTCAAGCCcggatccccgggttaattaa
37
oRT12 GCCACTAATAAAAAGAAAACATGACTAAATCACAATACCTAG
TGAGTGACgaattcgagctcgtttaaac
37
oRT49 GGGTCTTCAGGACGAGATTTCAAGATGGTACCTCCGTAGTTA
GTATAATGcggatccccgggttaattaa
37
oRT50 ATAGAACCAAAAGTACCACGATTAAAAACATAGATATCTTAA
ACAGAACTcggatccccgggttaattaa
37
oRT56 GGGTCTTCAGGACGAGATTTCAAGATGGTACCTCCGTAGTTA
GTATAATGCGTACGCTGCAGGTCGAC
37
oRT57 TTGAAATATGATTACATTACAATATTTATTTGTCTTATGAAA
ACTAACCAATCGATGAATTCGAGCTCG
37
oRT58 ATAGAACCAAAAGTACCACGATTAAAAACATAGATATCTTAA
ACAGAACTCGTACGCTGCAGGTCGAC
37
136
oRT59 TAGCATGATATTACAATCAGCAAGTGCTCTTGAATTGATTAT
TGTACTAGATCGATGAATTCGAGCTCG
37
oRT62 CGGGATCCGATGAGTTCTTTGGACGAGGAT 38
oRT63 TTACTGCAGTATAAAAAATTTTGGCTTAGG 38
oRT87 GCAGGTACCATGATGGGCAGTGTCGAG 38
oRT88 TAACCCGGGAGCTCTGCTCTTGCACTT 38
oRT89 CCCGGGTCTGGTTCTGGTAGTGGTGAACAAAAGTTG 38
oRT90 GGCAGATCTTTAGGATCCGTTCAAGTCTTC 38
oRT105 TGGGTCCGGTgctTCGAACATTTTGG 43
oRT106 TTTAGACCTGTAATAGCATTG 43
oRT107 GAGCACTGTGgctGCATCTAGCCTGCAAG 43
oRT108 ATTGATGCTATACCGAGC 43
oRT109 GATTGAATTGagaGGTGGGCAAAGG 43
oRT110 AAACTTTCCTTCCATATATTACC 43
oRT111 TATTTTGGATcaaGTTGATGCTGCTC 43
oRT112 TACATAGGCGCTGGTCGA 43
oRT113 TGGTTCAGGTgctTCAAATGTCATCGATTCCATGTTATTTGT
ATTTGGATTTAG
43
oRT114 TTGGGGCCTACCACGGCC 43
oRT115 GAACAAGATGgctCAGGACAGATTGTCG 43
oRT116 GCTCTAAATCCAAATACAAATAAC 43
oRT117 AACAAACCTTagaGGTGGTGAGAAAAC 43
oRT118 ATATTTCTCCAACTCTTTTTAGG 43
oRT119 TGTCATGGATcaaATAGATGCCG 43
oRT120 TAAAGGGGGGTTGGTTTATAC 43
oRT121 GATTACGCCAAGCTTGCATGCTTCTACCATCTCTAGAGGTGC
TGT
39
oRT122 AAAGATAGAACCACCCCCGGGAGAACCACCCATTATACTAAC
TACGGA
39
oRT123 ATAATGGGTGGTTCTCCCGGGGGTGGTTCTATCTTTTACCCA 39
oRT124 AAAACGACGGCCAGTGAATTCTTACTGAGCAGCGTAATCTGG 39, 41
oRT125 GATTACGCCAAGCTTGCATGCGATTGAAAAGGCAATAATCCC
ATA
41
oRT126 AAAGATAGAACCACCCCCGGGAGAACCACCAGTTCTGTTTAA
GATATC
41
oRT127 AGAACTGGTGGTTCTCCCGGGGGTGGTTCTATCTTTTACCCA 41
oRT136 cccattgttgggtttggactctatcccaaacccattgttggg
tttggacGGTGCTGGTGCTGGTGCT
39
oRT137 tttgggatagagtccaaacccaacaatgggtttgggatagaa
ccagaaccGGCACCGTCGACCTGCAG
39
oRT138 AAGGCGCGCCAGATCTctATGTCTAAAGGTGAAGAATTATTC
ACTGGTGT
43
137
oRT143a CAAGCTAAACAGATCTTTATTTGTACAATTCATCCATACCca
aGGTAATACCAGcagca
43
oRT162 GAACAAGATGaaaCAGGACAGATTG 43
oRT163 TGTCATGGATgatATAGATGCCG 43
oRT176 TGAAGATCTGTTTAGCTTGC 39
oRT177 CTTGTACATCCTTAAGTCAATC 39
Letter prefixes denote oligonucleotide source: co – lab collection; oRT – self-generated.
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